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Abstract

Flavour observables impose strong constraints on models of new physics. In this thesis
we study whether right-handed currents can provide a realistic extension to the Stan-
dard Model. We analyse two complementary models, addressing right-handed currents
by a bottom-up and a top-down approach with a global and local SU(2), x SU(2)g X
U(1)p_r, electroweak symmetry respectively. This setup leads to new flavour violating
interactions in the right-handed sector, which are governed by a right-handed mixing
matrix. We first consider an effective theory approach assuming a left-right symmetric
flavour group broken only by the Yukawa couplings, termed Right-Handed Minimal
Flavour Violation. We classify relevant interactions and study AF = 2 processes as
well as various rare decays, such as Bs g — utu~, B — {X;, K, K*}vv and K — nvp.
Emphasis is put on investigating correlations among observables, the structure of the
right-handed mixing matrix and resolving flavour anomalies of the Standard Model. In
particular, the |V,;| problem can be solved in this framework, but a tension between ¢
and Sy, remains under the assumption of a large Sy4. Secondly we study the Left-
Right Model. In this model heavy new particles, such as the gauge bosons Wx and
heavy Higgs particles can provide new contributions to observables related to flavour
changing neutral currents. While the effects of the neutral and charged heavy Higgs
field are often neglected in the literature, we find that they have a significant impact
on AF = 2 processes and the decay B — X, v respectively. Subsequently, we per-
form a comprehensive numerical analysis, including all known experimental constraints
from tree-level decays, electroweak precision observables, AF = 2 observables related
to particle-antiparticle mixings and the decay B — X7y simultaneously. We observe
that there exist regions in parameter space in accordance with the all data and with a
mass of Wg in reach of the Large Hadron Collider. An enhancement of Br(B — X7)
relative to the Standard Model brings the value in better agreement with experiment.
In this model all flavour anomalies can be resolved except the |V,;| problem, precluded
mainly by an increased direct lower bound on the mass of Wg boson in conjunction with
constraints from flavour and electroweak precision observables. Furthermore, we have
analysed the general structure of the right-handed mixing matrix in detail. We also
present a new simplified parametrisation of the right-handed mixing matrix motivated
by resolving tensions present in flavour observables within the Standard Model. Finally,
a comparison to other new physics models is presented which helps to distinguish them
from our setups.

Zusammenfassung

Flavourobservablen liefern starke Einschriankungen fiir Modelle der neuen Physik. In
dieser Dissertation untersuchen wir, ob rechtshindige Stréme eine realistische Erweiter-
ung des Standardmodells darstellen konnen. Wir analysieren zwei komplementare Mo-
delle, die rechtshéndige Strome einerseits durch einen ,,bottom-up* Zugang, andererseits
durch einen ,top-down* Zugang mit einer globalen beziehungsweise lokalen SU(2), x



SU(2)r x U(1)p—r elektroschwachen Symmetrie behandeln. Dieser Ansatz fiithrt zu
neuen flavourverletzenden Wechselwirkungen im rechtshandigen Sektor, welcher durch
eine rechtshiandige Mischungsmatrix bestimmt wird. Wir betrachten zunéachst eine ef-
fektive Theorie, genannt rechtshdndige minimale Flavourverletzung, unter der Annah-
me, dass eine links-rechts symmetrische Flavourgruppe nur durch die Yukawakopplun-
gen gebrochen wird. Wir klassifizieren relevante Wechselwirkungen und untersuchen
AF = 2 Prozesse sowie verschiedene seltene Zerfélle, wie zum Beispiel Bsq — ptpu~,
B — {X,, K, K*}vv und K — wvv. Wir legen besonderen Wert auf Korrelationen zwi-
schen Observablen, die Struktur der rechtshindigen Mischungsmatrix und die Aufhe-
bung von Flavouranomalien des Standardmodells. Insbesondere kann in diesem Rahmen
das |Vi| gelost werden, jedoch bleibt unter der Annahme eines grofsen Sy, ein Kon-
flikt zwischen ex und Syk, bestehen. Als zweites untersuchen wir das Links-Rechts
Modell. In diesem Modell gibt es durch neue schwere Teilchen, wie das Eichboson Wg
und schwere Higgsteilchen, neue Beitrage zu Observablen, die im Zusammenhang mit
flavourverletzenden neutralen Stromen stehen. Wahrend in der bisherigen Literatur die
Effekte von neutralen beziehungsweise geladenen schweren Higgsfeldern oft vernach-
lassigt wurden, finden wir, dass diese erhebliche Auswirkungen auf AF = 2 Prozesse
beziehungsweise den Zerfall B — X,y haben. Anschliefend machen wir eine umfas-
sende numerische Analyse, die alle bekannten experimentellen Einschréinkungen von
stree-level*  Zerféllen, elektroschwachen Préazisionsobservablen, AF = 2 Observablen,
die im Zusammenhang mit Teilchen-Antiteilchenmischungen und dem Zerfall B — X~y
stehen, gleichzeitig beriicksichtigt. Wir beobachten, dass im Parameterraum Regionen
existieren, die mit allen Daten und einer Masse von W5 in Reichweite des LHC {iberein-
stimmen. Eine Erhéhung von Br(B — X,v) fiihrt zu einer besseren Ubereinstimmung
von theoretischem und experimentellem Wert im Vergleich zum Standardmodell. In die-
sem Modell kénnen alle Flavouranomalien gelost werden, aufer dem |V,,;| Problem. Jene
Losung wird hauptséachlich durch eine erhohte direkte untere Schranke fiir die Masse
von Wg in Verbindung mit den Einschrankungen durch Flavour- und elektroschwa-
chen Prézisionobservablen verhindert. Aufserdem haben wir die allgemeine Struktur
der rechtshandigen Mischungsmatrix im Detail analysiert. Wir prasentieren eine neue
vereinfachte Parametrisierung der rechtshindigen Mischungsmatrix, die sich dadurch
auszeichnet, dass Konflikte zwischen den Flavourobservablen des Standardmodells ge-
16st werden. Ein abschlieffender Vergleich zu anderen Modellen der neuen Physik grenzt
unsere Ansétze von diesen ab.

ii
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1. Introduction

Over the last decades fundamental physics has focused on pushing our understanding
at the largest and smallest scales ever approached. At the smallest distances probed so
far, the Standard Model (SM) of elementary particles provides an astoundingly accu-
rate description of observed data. However, there are reasons to believe that the SM
is just an effective theory at low energy scales of a more fundamental framework. The
nature of physics beyond the Standard Model is an intriguing mystery, driving much
of current research in particle physics.

Already within the SM, various open questions centre around the Higgs boson, which
has not been observed yet. The Higgs mechanism is linked to the origin of masses and
the mechanism of electroweak symmetry breaking (EWSB), which are consequently not
yet fully understood. The Large Hadron Collider (LHC) is expected to shed light on
the existence of the SM Higgs by the end of this year. And indeed initial hints of the
Higgs might already be appearing.

On the other hand, motivations for an extension of the SM are manifold. On the theo-
retical side, the Higgs boson again plays a central role. Within the SM its mass obtains
quantum corrections of the order of the Planck scale, unnaturally large compared to
the scale of EWSB. This is usually referred to as the hierarchy problem and provides
strong hints that new physics (NP) must appear at the TeV scale. In addition the SM
lacks an explanation for the hierarchical pattern of masses and mixings. However, this
issue is not as fundamental as the gauge hierarchy problem since these patterns are
stable under quantum corrections. On the experimental side, we have evidence for the
existence of dark matter and neutrino masses, also not explained within the SM.

While these are well known problems, we want to concentrate in the following on the
hints for NP indicated by the flavour sector. The origin of flavour and flavour mixing is
still not understood. Additionally, the meticulous study of flavour data has revealed the
existence of a few anomalies and tensions within the SM picture of flavour. These give
strong hints that new sources of CP violation apart from those in the SM are needed.
Note that the consideration of the current baryon asymmetry of the universe leads to
the same conclusion. Moreover, the examination of models with generic flavour struc-
ture has shown that large new sources of flavour symmetry breaking beyond the SM
are already excluded at the TeV scale [1]. Hence, the flavour structure of NP models
cannot be arbitrary, but must follow a specific pattern. Attempts to classify such pat-
terns have been made in terms of considering flavour symmetries. For example, in the
Minimal Flavour Violation (MFV) principle [2-6] all flavour violation in the NP model
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is governed by the SM Yukawa couplings. In a much older idea, the Froggatt-Nielsen
mechanism [7], flavour mixing is characterised by a spontaneously broken flavour sym-
metry. This not only constrains the flavour structure, but also explains the hierarchies
in the SM Yukawa couplings. Generally, for any NP model, constraints from flavour ob-
servables have to be considered seriously in order to ensure consistency with experiment.

Let us take a closer look at the SM picture of flavour. Parity is maximally broken at
low energy scales and flavour violation at the tree-level takes place entirely through
left-handed (LH) charged currents. This picture is compactly described by the CKM
matrix [8,9]. Its unitarity is an important ingredient for the GIM mechanism [10],
which turns out to be a powerful protection mechanism with immediate consequences
on the pattern of flavour changing neutral current (FCNC) processes. We can extract
two lessons from the flavour structure of the SM. Firstly, the loop suppression of FC-
NCs within the SM makes them an excellent tool to examine whether NP enters in such
processes. This can be analysed by the study of low-energy observables, providing an
alternative to high energy searches for new particles. Secondly, one could ask whether
parity is restored as a symmetry at high energy scales. This would imply the inclusion
of the SU(2)r symmetry.

In the past years, it has turned out that an additional SU(2)r symmetry is an attractive
ingredient for a model beyond the SM. This is mainly because the SU(2), x SU(2)r
symmetry provides a custodial symmetry for the NP framework, constraining param-
eters like the mass ratio of the W- and the Z-boson masses and helping to keep elec-
troweak precision (EWP) observables consistent with the experiment [11,12]. One
example of such a model is the Randall Sundrum model with custodial protection
(RSc) [13-19|. In this model, a warped extra dimension solves the hierarchy problem
and can also naturally generate the hierarchies of fermion masses and mixings [20, 21].
A similar class of models are the so called Higgsless models [22-27|, where the EWSB
is also induced by boundary conditions.

There also exist left-right (LR) symmetric models, which implement RH currents only
by extending the SM by the SU(2)gr gauge symmetry. First studied more than 35
years ago [28-32|, their two simplest forms of appearance are the so called “manifest”
scenario [32] and the “pseudo-manifest” scenario [33-35|. Each of them is characterised
by special assumptions about new CP violating phases and is either ruled out or con-
strained to have large mass scales for the new heavy particles. Recent studies allow
for a more general structure with respect to CP violation [36,37] while requiring a
full restoration of parity at high scale. Most of these previous studies concentrate on
finding lower bounds on the masses of new heavy gauge bosons, appearing within this
framework due to the additional SU(2)g symmetry. Constraints from flavour observ-
ables are usually considered separately. Furthermore, there is a lack of studies taking
into account the most recent collider bounds. A few papers make attempts to analyse
details of the underlying flavour structure in the RH sector [38,39], which is charac-
terised in this class of models by an additional RH mixing matrix in contrast to the
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LH counterpart, the CKM matrix. However, these proposals are ad hoc or already
experimentally disfavoured. In order to investigate if this class of LR models still pro-
vides an attractive NP framework in the decade of the LHC, we need an improved
and comprehensive analysis. Such a study is particularly attractive since high energy
experiments at the LHC, ATLAS and CMS, have the potential to discover the heavy
gauge bosons. First studies for the early LHC data can be found in [40,41]. Finally, it
is worth mentioning that in the LR symmetric setup one can naturally implement the
see-saw mechanism to generate neutrino masses [42,43].

A very different approach was taken by the authors of [44-46|, who analyse RH cur-
rents from a flavour point of view. It was shown that in the presence of RH currents
it is possible to resolve the |V,;| problem describing the tension between inclusive and
exclusive determinations of the |V,;| element of the CKM matrix. This conclusion is al-
ready apparent when considering a basic effective field theory (EFT) approach [45,46].
However, in order to describe a realistic model, constraints from all flavour observables
have to be taken into account. An effective protection mechanism for FCNCs induced
by higher dimensional operators is mandatory in this case. Solely a consideration of
the elements |V,;| and |V,,| as done by the authors of [45,46] is insufficient.

Previous attempts to analyse the possibility of RH currents clearly require an improved
and updated analysis to check whether RH currents provide a sensible extension of the
SM in accordance with all data. In this thesis, we will take a two-sided approach
to this issue with emphasis on the well-measured FCNC observables, such as from
particle-antiparticle mixing and rare decays. New experimental input from flavour pre-
cision experiments are expected soon from the LHCb experiment, and also from future
B-factories such as SuperB. In particular, we consider the following two models:

The first approach we follow is a bottom-up approach, which we call Right-Handed
Minimal Flavour Violation. Right-handed currents are incorporated through an effec-
tive theory approach under consideration of an extended MFV principle, which helps to
protect the model against FCNCs automatically. Additionally, our studies go beyond
the discussion of the |V,;| problem by considering various known tensions in SM flavour
observables. To this end we analyse flavour observables, their constraints and corre-
lations, and are able to make predictions for some of them. In particular we deduce
the full RH mixing matrix, discuss its impact on AF' = 2 observables and various rare
decays. This part of the thesis is based on [47,48|.

Subsequently, we discuss a top-down approach, the Left-Right Model. This model
emerges from the concept of left-right symmetric models including all input parame-
ters without simplifying assumptions. We allow for a breaking of parity in order to
adopt a more general framework. Instead of focusing our analysis on lower bounds
on the masses of heavy gauge bosons, we perform a full and simultaneous analysis of
flavour observables, in particular AF = 2 observables and the decay B — X, under
incorporation of all existing experimental constraints. We ask if these constraints can
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be satisfied while keeping new heavy particles within the reach of the LHC. We also fo-
cus on a very general study of the RH mixing matrix and corresponding flavour effects.
The question of flavour anomalies is also addressed in this context. These studies were
published by us in [49].

The goals of this thesis can be summarised in the following questions:
e Do RH currents provide a realistic extension of the SM?

e Do they solve the existing tensions between flavour observables in the SM while
satisfying all the existing bounds? In particular, can the new CP-violating phases
cure the existing SM anomalies in CP-violating observables? And, can the |V,;]
problem be solved?

e Can the new RH effects reach present experimental bounds?

e How far do the two approaches we follow overlap? Does the same RH mixing
structure appear in both models?

e What is the structure of the RH mixing matrix?

We address these questions throughout the thesis, and summarise the answers at the
end.
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Outline

The present thesis is organised as follows. Chapter 2 is dedicated to the effective theory
approach, called Right-Handed Minimal Flavour Violation. After a short introduction
to recent anomalies, providing a main motivation of this setup and necessary basics, we
give an extensive description of the model. To this end we consider in detail the particle
content and the flavour symmetry. Subsequently we classify all relevant dimension-six
operators and study the RH mixing matrix in detail. In this context we also show
how the |V,;| problem can be solved. In chapter 3, we introduce the second model
for RH currents considered in this thesis, termed the Left-Right Model. We briefly
discuss the basic setup and explain in detail all relevant constraints from tree-level
decays and electroweak precision observables necessary for a flavour analysis of the
model. In chapter 4, we give a brief general overview of flavour observables for both
AF = 2 processes and rare decays. In particular, we introduce the general operator
basis for the effective Hamiltonians and show a collection of general formulae, which
allow for an efficient derivation of AF = 2 observables. Furthermore, we review the
present experimental status and compare the experimental values to those predicted in
the SM. In chapter 5, we study the flavour phenomenology of Right-Handed Minimal
Flavour Violation. First we focus on AF = 2 observables. We derive Wilson coefficients
and renormalisation group effects and study the impact on meson anti-meson mixing.
In particular we investigate the question whether anomalies occurring within the SM
can be resolved. In the case of AF = 1 observables, we restrict our considerations to
the decays Bsq — ptp~, B — {X,, K, K*}vv, and K — 7vp. In chapter 6, we take a
closer look at the flavour phenomenology of the Left-Right Model. Following the general
procedure we determine Wilson coefficients and renormalisation group effects in order
to obtain the NP contributions to AF = 2 observables. Moreover, we consider the decay
B — X, for the model in question. We also study in detail the impact of the heavy
Higgs fields for both AF = 2 processes and B — X,y. We continue by describing the
numerical strategy, specifying the parameter scan and the constraints imposed. Then
we present an extensive discussion of our numerical results considering the RH mixing
matrix, correlations among various observables and the |V,;| problem. We end the
chapter with a new proposal for a simplified parametrisation of the RH mixing matrix,
which would be able to resolve the anomalies of flavour observables existing in the
SM. Chapter 7 is devoted to a comparison between the two models considered in this
thesis. We also include additional comparisons to a two Higgs doublet model and the
Randall Sundrum model with custodial protection. Such studies will help to distinguish
between different NP models, once improved flavour data become available. Finally,
in chapter 8 we conclude by summarising our results. Some additional information
about the Left-Right Model, such as details about the Higgs sector, the gauge sector,
a parameter counting and a comprehensive set of Feynman rules, are relegated to the
appendices.






2. Right-handed currents:
An effective field theory
approach

This chapter is dedicated to the bottom-up approach to RH currents. This study is
motivated by various recent flavour anomalies, in particular the |V,;| problem, which
might be addressed by RH currents. In an effective field theory framework we first
examine the structure of relevant dimension-six operators respecting a left-right flavour
symmetry broken only by the Yukawa couplings. A new mixing matrix appears in the
RH sector. One of the main goals of this chapter is a detailed determination of this
matrix. We begin this chapter with a very brief overview of recent anomalies in the
flavour data. Furthermore, we introduce necessary basic principles such as the concepts
of effective field theory and Minimal Flavour Violation.

2.1. Preliminaries

2.1.1. Recent SM anomalies in the flavour sector

The study of flavour observables reveals anomalies and tensions in the SM. Many of
these anomalies lie in the (2-3) o region, so that for a clear confirmation of physics
beyond the SM higher statistics will be necessary. Yet, they can provide information
about where possible discrepancies with respect to the SM can appear. In this sec-
tion we give a short summary of the recent phenomenological anomalies following the
discussions of [50-55], where further information can be found. We restrict our consid-
erations to issues relevant for our analysis.

The enhanced value of S, - First we mention the possibility of a large enhance-
ment over the SM value in CP violating observables in B? — B? mixing, in particular in
the time-dependent mixing-induced CP asymmetry Sy, of the decay Bs, — ¢¥¢. While
the corresponding SM value is expected to be very small, roughly SEIX ~ (.038 de-
pendent on the choice of input parameters, this topic has attracted a lot of attention
in the last years mainly induced by the direct measurement by CDF [56] and DO [57]
providing Sys = 0.8177:35 [58]. This hope was softened when higher statistics became
available [53,59,60]. Still a value of Sy, above 0.5 was not yet excluded [52]. Again
new data from the Tevatron published in spring 2011, combined with the results from

the measurement of the same sign dimuon asymmetry of the DO experiment, allowed a
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larger value of Sy, ~ 0.8 [61-63]. Consequently, at present the situation is quite con-
fusing. Recent measurements by CDF and DO [64,65| and the first even more accurate
results of LHCD [66] imply significantly lower values, in particular [67]

—0.1< Sy <04, (2.1)

being in accordance with the SM expectation. There is still room for NP, which can
enter in Sy4 through new CP violating phases. We hope that in the future further
precision data will help to clarify the situation.

Since during the considerations of the first model proposed in this thesis, a large Syg
was still favoured we explored mainly this possibility, while in the second model con-
sidered here the analysis is much more general. In particular in the second approach
we do not make use of Sy4 as an input, rather we obtain a prediction which can be
compared to the data.

The ex — Syks anomaly - Next, we discuss the so called ex anomaly [68,69]. It
describes the fact that the value of |ex| given by the data deviates from the SM pre-
diction, determined from the measured values of its components, e.g. from sin(2/3), the
ratio AMy/AM; and the value of |V|. After an update of input parameters from non-
perturbative factors of unquenched lattice calculations [70], a suppression factor includ-
ing the latest long-distance effects and departure of the phase ¢. from /4 [71]| and fi-
nally NNLO-QCD effects [72], the updated SM value reads |ex|sy = (1.81+£0.28) x 1073
[73]. On the contrary, the experimental result is given by |ex|™P = (2.22940.010) x 1073
[74].

The above stated ex problem is closely linked with the ex — Sy, tension of the
SM [68,75,76]. As in the SM the CP asymmetry in the decay B; — ¥ Kg Syk, is equal
to sin(2/3), one finds that in the SM |ex| and Syx, cannot simultaneously agree with
the experimental data. The sin(2/) tension of the CKM fit is also confirmed by both
the UTfit group [77] and the CKMfitter group [78]. They find a 20 tension, where the
unitarity triangle fit of sin(25) is generally larger than the one extracted from experi-
ment Sy = 0.672 +0.023 [79].

Possible impact of new CP violating phases - New physics can enter through
new CP violating phases and modify both the relations for Syx, and Sy, in particular

Syks(Ba) = sin(28 + 2¢p,),  Sue(Bs) = sin(2|6s] — 2¢5,) , (2.2)

where pp, and ¢p, represent the NP phases and 8 and s can be extracted from el-
ements of the CKM matrix (see section 4.2.2 for a detailed definition), and hence are
governed by the CKM phase 7 responsible for CP violation within the SM. Undoubt-
edly, new sources of CP violation play a crucial role when we want to explain deviations
from the SM expectation in these observables. Furthermore, requiring that SM tensions
become softened implies that we can obtain information about the possible structure
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of NP. Considering as an example the ex — Syx anomaly, a negative phase ¢p, turns
out to be favourable, so that the true sin(23) is larger implying a higher value for
lex| [68,75]. It should be stressed that in this example in principle NP could also enter
in |eg|. This situation will become more clear once more precise data on the CKM
matrix, in particular the values of v, |V,,| and |V3| [68,69], will be available. These
will be improved by LHCb and also Belle IT and SuperB. As we will see later, for RH
currents this |V,;| dependence is of particular interest.

The |Vys| problem - For completeness we want to mention briefly that within the
SM framework different measurements of |V,;|, in particular from inclusive decays and
exclusive decays cannot be explained. Right-handed currents can potentially cure this
problem [44-46], representing one of the main motivations of our analyses in this thesis.
The |V,5| problem will be discussed in detail below.

2.1.2. Effective field theory

Our first model makes use of an effective theory approach, where the NP can be de-
scribed by an effective Lagrangian with the SM as the low-energy EFT. The goal of
this section is rather to clarify the notation for our further considerations than giving
an introduction to EF'T methods.

In general an effective field theory is characterised by an effective cut-off scale A below
which the theory provides a good description. For low energy physics it turns out to be
sufficient to consider only light degrees of freedom below the cut-off scale. The effects
of the heavier degrees of freedom can be efficiently described by means of an effective
Lagrangian

Eeff = »CSM + Z A21_4Oz(n) ) (23)
where (’)En) are dimension-n effective operators and c¢; are dimensionless coefficients. The
details of the underlying interactions at higher scales are then hidden in the coupling
coefficients ¢;. It turns out that only dimension-six operators are relevant for the
discussion of FCNCs, and we will restrict to these in the following.

2.1.3. Minimal Flavour Violation

As stated above, a generic flavour structure is excluded at the TeV scale [1]. One pos-
sibility to keep the pattern of FCNCs under control is to make use of Minimal Flavour
Violation (MFV) principle. As we will consider a modified mechanism of MFV in the
first part of this thesis, let us briefly summarise the main points of the original MFV
idea, following [2]. Since we are interested in quark flavour-changing dynamics, we will
concentrate only on the quark flavour symmetry.

The SM gauge group commutes with the following global quark flavour symmetry
SU(3); = SU(3)q, @ SU(3)u, ® SU(3)py , (2.4)
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This global symmetry is already explicitly broken in the full SM Lagrangian by the
Yukawa interactions. The full flavour invariance can in principle be formally recovered
by the introduction of the two spurions

Y, ~ (37 3, 1)SU(3)Z’ ) Yy~ (37 1, g)SU(3)g ) (25)

where the transformation properties are given with respect to equation (2.4). These
spurions encode then the full information about the SM flavour symmetry breaking.
Using an EFT approach in order to describe a NP model, the higher dimensional op-
erators can be written in terms of flavour invariant combinations of these spurions and
SM fields. The implementation of no further sources of flavour symmetry breaking
allows to naturally suppress the dangerous appearance of FCNCs effectively and is
independent of the specific structure of the NP model. In MFV the CKM matrix is
the only source of flavour violation. In the original setup no additional flavour blind
phases were included, hence CP violation was also entirely described by the CKM phase.

Recent studies often include such new flavour-blind CP-violating phases [80-82], which
are not contradictory to the original MFV principle. This is especially due to the fact
that without new sources of CP violation one can immediately conclude that Sy, is
expected to be SM like and consequently if large Sy4 was confirmed by higher statistics
then MFV models would be automatically excluded.

Note that the MFV approach is not to be confused with the constrained MFV version
[5,6], where in contrast to the MF'V approach the contributing operators are restricted
to the ones already present in the SM.

2.2. Right-Handed Minimal Flavour Violation setup

2.2.1. Symmetry and particle content

In this section we describe the details of the model which is the focus of this chapter.
In Right-Handed Minimal Flavour Violation (RHMFV) introduced by us in [47], we
consider an effective theory approach in the spirit of [2|. However we generalise MFV
by including right-handed currents. The SM with its different treatment of left- and
right-handed currents appears after symmetry breaking as a low-energy limit of a more
fundamental theory which is assumed to be left-right symmetric. The main assumption
is then made by choosing a left-right symmetric flavour symmetry SU(3), x SU(3)g
which is broken just by the Yukawas, similar to the MF'V case. In this approach the
fundamental theory is not specified, and we only make assumptions about the global
symmetry and the pattern of its breaking. In order to obtain the minimal model, the
SM gauge group is embedded into a global SU(2), x SU(2)g x U(1)p_ group, which
we call the electroweak symmetry. Only the SU(2), and U(1)y subgroups are effec-
tively gauged below the TeV scale. Let us stress that the global electroweak symmetry
might stem from a local gauge group, but for our EFT approach there is no need to

10
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make additional specifications.

In figure 2.1 we compare our model with respect to ME'V. RHMFYV is clearly beyond
MFYV if considered in comparison to the SU (3)2 quark flavour symmetry of MFV as
given in (2.4). This is because the extended flavour group of RHMFV allows for a
bigger set of operators. These contribute to flavour violating processes as discussed
in detail below. However since the LR symmetric flavour group is only broken by the
Yukawas RHMFYV is in analogy with the MFV framework.

beyond MFV *%\W‘*\‘.".‘ff-‘"
*%\X\\")\\R
G

Figure 2.1.: A schematic depiction of RHMFV.

Let us now take a closer look at the field content of the RHMFV model.

Quark fields The quark fields,

L R

given here with their transformation properties under the electroweak symmetry, form
three LH and RH doublets with generation index ¢. The SM hypercharge is then given
by Y = T3z + (B — L)/2. In principle, leptons, including RH neutrinos, can be in-
troduced in an analogous way (with assigning the B — L charge to be B — L = —1).
However, we restrict our analysis to the quark case, since the mass of the RH neutrinos
is large enough to not contribute to the processes analysed below.

The Higgs field The electroweak symmetry breaking is achieved by the vacuum ex-
pectation value of a SM-like Higgs field, in particular,

H o~ (2,2) (H) = ( - ) , (2.7)

11
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which breaks SU(2), x SU(2) g spontaneously down to the custodial symmetry SU(2)1+r
at the electroweak scale. Such a simple scalar structure is chosen as we want to stay

within a minimal model. Note that main parts of the following analysis can also be

applied to models with a more complicated Higgs sector or even Higgless models, when

the electroweak symmetry has the SU(2), x SU(2)gr — SU(2)4r breaking pattern.

For example, such an extended Higgs sector is required in explicit left-right models. In

the Higgless case, following the arguments in [83], the Higgs field H can be re-written

as a product of the real part including the VEV v and a unitary matrix U encoding

the Goldstone bosons.

Gauge bosons Our effective model contains only the SM electroweak gauge bosons
W and Z. We introduce the kinetic term

Higgs

in ;lTr[(DHH)TD“H] | (2.8)

where the covariant derivative reads D, H = 0,H —igWiT,H + ig'"HT3B,,. The stan-
dard tree-level expressions for the W and Z masses are recovered for v =~ 246 GeV.

Note that we have adopted the convention for the normalisation of the Higgs field
which is usually used in composite Higgs models. The Higgs field appears then in the

following form
0*
H:ﬁ(f¢_ ‘ZX) (2.9)

Although we will not use this explicit form when considering RHMFV | it should help
to clarify the notation when considering an explicit left-right model.!

In summary, we only have SM fields with a single effective light Higgs. Heavy fields do
not appear explicitly but affect higher dimensional operators.

2.2.2. Yukawa couplings and flavour invariance

In addition to the above started particles, two spurions
Py ~ (1,3)o (2.10)

are required in order to generate different masses for up- and down-type quarks and
break the custodial SU(2)1.+r symmetry. Their background values are given by

Pu:<(1)8), Pd:(g(l)). (2.11)

I This convention differs from the one chosen in the explicit left-right model in the second part of this
thesis.

12
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Under the electroweak symmetry we obtain the following invariant quark Yukawa cou-
pling

Ly = % (QLY.HP,Qr + QLYsHP,Qr) + h.c. . (2.12)

Ly is equivalent to the SM Yukawa coupling taking into account the structure of P,

and P;. Finally, we assume an additional U(1) symmetry, under which Y,, and Y, have
different charges, and P, and P, have the corresponding opposite charges.

So far we have not discussed the quark flavour symmetry. Under the left-right sym-
metric flavour symmetry SU(3); x SU(3)gr the quarks form triplets according to the
following transformation properties

Qr — [fiQL with freSU@)L,
QR — fRQR with fR c SU(S)R . (213)

SU(3)r, x SU(3) g becomes an exact global symmetry of the full Lagrangian in the limit
of Yy — 0. The flavour invariance can be formally recovered by introducing spurions
for Y,,(4), both transforming as (3,3) under SU(3),, x SU(3)g:

Yo = fr Yuw fl - (2.14)

As @, and Qg can be rotated in flavour space, it is always possible to choose a basis
where one of the Yukawa couplings is diagonal. Furthermore this diagonal matrix can
be made real by rotation of the relative phases of the quark fields. We obtain for a
diagonal Y,

V2 .
Yd ‘dfbase - )\d ) >\d = leag(md7 ms, mb) = dlag<yd> Ys, yb) )
~ V2 ,
Yu ‘d—base = VT)\UV’ )\U = leag(mua M, mt) = dlag(yua Ye, yt) y (215)

where V and V are both unitary and complex 3 x 3 mixing matrices. While V' denotes
the CKM matrix as usual, an additional matrix V" appears controlling the flavour mixing
in the RH sector. A detailed analysis of V' will be deferred to section 2.4. After setting

the Higgs to its VEV the mass terms are generated
. v ~ v
Lo = —a VI Vug + —

V2 V2

In this basis in the down sector the mass term is already diagonal, and hence

dL—>d/L:dL R dR—>d/ :dR , (217)

dr\gdp + h.c. (2.16)

in the up sector the following diagonalisation is necessary:
ur, — uy = Vuy, , uR—>u'R:‘7uR ) (2.18)

The quark mass eigenstates are denoted by the primed fields. The quark mass matrices
are given by M, = v\, and My = vA,.

13



2 Right-handed currents: An effective field theory approach

2.3. The impact of dimension-six operators

2.3.1. Yukawa insertions

We proceed by building the effective Lagrangian as described in section 2.1.2. For this
purpose all dimension-six operators formally invariant under the LR symmetric flavour
group have to be constructed. In this manner, the so called Yukawa insertions emerge.
The Yukawa insertions encode the flavour dynamics of the high scale. Due to this
specific parametrisation, the flavour symmetry breaking can only take place through
sources already inherent in the Yukawas. For example under the SU(3), x SU(3)g
flavour group the up-insertions transform according to Y, Y, ~ (8,1) and Y,|Y,, ~ (1,8).
These insertions can be evaluated in our basis where the down Yukawa is already
diagonal. We obtain

VY Diti |y = (VINV )y = 2V Vs, (2.19)
YiIY)izi | e = (VINIV)ij = 4 Vi Vi (2.20)

In the last step it has been used that only the top quark has a large Yukawa coupling,
hence A\, ~ diag(0,0, ;). For the same reason down-insertions give rise to a very small
effect and will be neglected in the following.

2.3.2. Collection of bilinears

In order to study the relevance of possible dimension-six operators, we first collect all
quark bilinear currents compatible with the LR symmetric flavour symmetry. It is
sufficient to consider terms with at most two spurions. Denoting the Dirac structure
by I', the bilinears are given by

oY’ QLlQr Qrl'Qr , (2.21)
oY) : QLY. P,Qr , QLY ,PiQr , (2.22)
oY?): QUIY.Y,Qr,  QrI'Y[Y.Qx . (2:23)

Note that we already neglected the down-insertions YdeT and YdTYd as stated before.
Most of these bilinear structures are already known from the MFV framework [2]. For
example the QrI'Y, Y,!Q bilinear will appear in LH mediated FCNCs. The new effects

arise mainly from two bilinears:
1. QrI'Qr with its charged-current component
2. Qrl'YY, Qg with its neutral-current component

In the second case the Yukawa insertion Y'Y, characterises the strength of RH mediated
FCNCs and contains elements of a new RH mixing matrix V. We will focus within this
thesis on the effects of these bilinears.

14
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2.3.3. Charged current operators

We first investigate the list of operators which affect charged currents and will help us
to probe the rotation in the RH sector. We restrict our discussion to operators involving
two quark fields as only these will be relevant for our phenomenology of right-handed
charged currents. They are given by

Oge)l = QR”Y“TZQR EL’YuTiLL )
05521 = iQry"H'D,HQr Ogl =iQpry"miQr Tr (H'D,HT") , (2.24)

where 7; are the Pauli matrices. Specifically it turns out that for our analysis lepton-
quark charged currents play the leading role. In this case all three operators of equation
(2.24) are equally important. We do not consider RH neutrinos under the assumption
that they are heavy.

In principle, one also has to take into account analogous operators formed from the
bilinears of equations (2.22)-(2.23). These however can safely be neglected due to
the smallness of the Yukawa couplings as long as only up-type quarks of the first two
generations contribute to the decay processes analysed below.

2.3.4. AF = 2 operators

We now turn to dimension-six operators which contribute to AF = 2 processes such
as particle-antiparticle mixing. Here we just list the relevant operators, a detailed
discussion of the phenomenology can be found in chapter 5. Using the bilinears of
equations (2.22)—(2.23) various combinations can be found which contribute. However
as we only want to extract the pattern of the flavour phenomenology of the model, a
detailed analysis of all possible operators is beyond the scope of this work. Instead,
in order to keep both the notation and structure minimal, we restrict ourselves to the
operators giving the main contributions. The list of operators then reads

oy = [Qi(YuYJ)iin]Q, (2.25)
Oy = [Qr(Y,Y)iQu? (2.26)
0% = [QL(VW YDy QQw(YiY)i1u @l - (2.27)

The first operator and its effects are well known from both MFV [2] and its constrained
version [5]. From equation (2.19) one can immediately see that the CKM pre-factor is
analogous to the AF = 2 contribution in the SM. Moreover, the helicity structure is
also in accordance with the SM. Consequently, 0262 will not lead to modifications in
CP violating observables with respect to the SM. On the contrary, interesting effects
are expected from Og}% and O(L%, not only though the input of the RH mixing matrix
but also due to the LR structure which is known to renormalise strongly under renor-
malisation group effects.

Guided by these expectations, we will concentrate on the latter two operators in our
further analysis of AF = 2 processes.

15
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2.3.5. AF =1 operators

As before, among AF = 1 operators, we focus on the leading contributions to AF =1
operators. These are given by the following operators

09 = QYY) HID, QY
05%6;2 - ZQ%(YJYU)U'VMEQ% Tr (HTDMHTi) ) (2.28)

In addition the corresponding LH operators can also be present, obtained through the
replacements Qpr — @Qp and Y, < Y, from equation (2.28). These have been studied
widely within the MFV framework. The new operators give rise to effective right-
handed flavour non-universal couplings of the Z boson to down-type quarks. These
affect Z — bb and rare K and B decays. We postpone a detailed analysis to chapter 5.

So far we have concentrated on operators with two quarks and two Higgs fields. In
principle, operators with two quarks and two lepton fields also have to be included.
However, they will not lead to new effects compared to equation (2.28) after the Z bo-
son has been integrated out. We will demonstrate this with an example of the effective
quark-lepton charged current below. There is also a third class of dipole-type operators
with two quarks and one SM gauge field which we do not consider further in this thesis.

In summary, we will restrict ourselves to the analysis of the operators collected in
equation (2.28).

2.4. The right-handed mixing matrix

2.4.1. The parametrisation

As stated in section 2.2.2 the matrix V appears due to misalignment between the
Yukawas in the up- and down-type sector and controls the RH flavour mixing. Let us
now review in detail how this matrix can be determined. We start with its parametri-
sation, which can be chosen as B B

V = DyV,D}, (2.29)

where XN/O is a CKM like matrix and Dy p are two diagonal matrices, in particular
Dy = diag(1, e, e) | Dp = diag(e™!, e, e'%) . (2.30)

These phases are physical since we have used the freedom to rotate phases of quark
fields in order to get rid of unphysical phases in the CKM matrix. In V{ we shift
the phase from 1-3 mixing to 2-3 mixing as we will assume small phases except the
phase for V,;. This will become more clear when we analyse the bounds from b — u
transitions in the next section. Then V{ reads

N C12C13 S12C13 513
Vo = —812C23 — C12823513¢ ¢ CraCog — S12503513€ ¢ SasCize . (2.31)
—C12C23513 + 8128236’Z¢ —512€23513 — 8230126w C23C13
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In total, the RH mixing matrix 1% altogether contains three new real mixing angles and
six new complex phases. It is restricted by various bounds, in particular from charged
current data, unitarity and FCNC phenomenology, which we discuss in detail.

2.4.2. Bounds from charged currents

Using data on tree-level charged current transitions, we can set bounds on elements
of the RH mixing matrix V5. In this section we investigate various tree-level decays
based on quark-lepton charged currents, which allow us to extract these bounds in the
cleanest way. The related impact on the CKM matrix V' will also be discussed.

The effective quark-lepton charged current

With the operators defined in equation (2.24) we can derive the effective coupling of
the RH current. After the breaking of the electroweak symmetry the operators Ogi

contribute via tree-level diagrams with internal W boson exchange. Evaluating 01(%)1
is straightforward. Integrating out the W boson and summing over all contributions
leads to an effective RH coupling: c¢g = —2(cg,, + 2¢g,, — cr,,)- The resulting effective
quark-lepton charged current interaction can be written as

2 c B _ CrR _ _
z'ﬂ?' = (_297%/ + A_lé) U,L")/“dL gL’YuVL + A—}; UR")/MCZR KL'-Y;,LVL 4+ h.c.. (232)
The coefficient ¢;, parametrises the modification of the LH interaction obtained from
equation (2.24) with the replacement Qr — Q1. The SM result is then recovered in
the limit ¢;, = cg = 0.

We proceed by performing the rotation to mass eigenstates of the quark fields by using
equations (2.17) and (2.18) and additionally omit the prime indices in order to keep a
simple notation. The result reads

4G = 5
oo = __\/gF " [(1 +eL)V P+ eRVPR] d (Lpyuve) + hee. (2.33)
where ] 1
p———2  p_it (2.34)
2 2
are the left and right projection operators and
crv? 02 cLv’
€ER = —% = F(CR’” + 2CR,, — CRy) €L = — 2LAQ (2.35)

are the effective couplings, which will be important for the analysis of this section. At
this stage we should stress that elements of V' and er appear always in combination.
As a result it is impossible to disentangle the sign and phase of eg and V,;, hence we
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define €g to be real and positive.
Strategy for determination of the effective CKM elements

From the effective charged current Lagrangian (2.33) the branching ratios for the decays
in question can be derived. The left and right operators in £ do not mix through
renormalisation group effects as QED and QCD both respect chiral symmetry. Hence
they can be multiplicatively renormalised in the same way and radiative corrections
can be implemented straightforwardly using SM results.

We do not compare directly the branching ratios with the experimental value to extract
the bounds on the elements of Vy and V. Instead we make use of the CKM element
extracted from the comparison of the SM result and the experimental value defined as
|Vijlen- We compare this CKM element to our effective combination including the RH

current contribution. This allows us to find the “true” values of the elements of ‘7}) and
V in an elegant way.

Bounds from u — d and u© — s transitions

We start by describing the bounds on |V,4| making use of the constraints from super-
allowed (07 — 0") nuclear beta decays and by the pion decay m — ev [74]:

Vaa (0T — 0[5 = 0.97425(022) , (2.36)
|Vaa(m — ev)|gyy = 0.97410(260) . (2.37)
While super-allowed nuclear beta decays are only sensitive to the u — d vector current,

the pion decay is solely dependent on the u — d axial current. This implies that we
can immediately impose the following conditions

‘(1 +er)Vua + ER‘ZLd

= V(0" = 01|53 (2.38)

‘(1 + e2)Vad — €8V

= |Via(m — ev)|gyy - (2.39)

These two equations can be solved for combinations of (1 + €1,)V,,4 and € R\7ud. Aserr
are expected to be small, we can use them as expansion parameters with e, p < 1,
assuming they are real. Without making additional assumptions on the phases of Vud,
at first order in €7, p we get

Vi
|(1+ €)Via| = 0.9742 £0.0013 , er Re (V—d) =(0.1£1.3)x 1073 . (2.40)
ud

A completely analogous argument holds for the extraction of the bounds from s — u
transitions. Here, K — mfrv and K — uv decays are only sensitive to the vector and
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the axial current, respectively. The SM results are given by [84],

Vs (K — mlv)|onp = 0.2243(12) (2.41)
Vs (K — p)|ak = 0.2252(13) (2.42)

Pursuing the strategy presented above the two conditions can be written as

‘(1 ten) Vs + €rVis Vi (K — wl0)|S2 (2.43)

)(1 + €L>Vu3 - 6R‘A//:us

[Vius (K — pw) g)f\f[) ) (2.44)

with the following solutions

Vu S
Vu S

(14 €1)Vis| = 0.2248 £0.0009 ,  €x Re ( ) = —(2.0£3.9) x 107 . (2.45)

Determination of €,

In the next step we make use of the CKM unitarity relation
|Vud|2 + |‘/us|2 + |Vub|2 =1 (246)

in order to determine the parameter €;. It can be easily deduced that

12

er = [(1+€0)*(Vaal® + [Vas* + Vi) L. (2.47)

Since |Vy3| = O(1073) appears quadratically, its contribution to CKM unitarity is neg-
ligible and we can simplify |V,q|* + [Vas]? = 1+ O(107%). Hence adding the constraints
for [(1 + €1)Vias)| given in equations (2.40) and (2.45) yields

er = (0.24£1.2) x 1073, (2.48)

This allows us to eliminate €7, from equations (2.40) and (2.45) and we obtain the
following results

Via| = 0.9742 £ 0.0013, e Re(Vig) = (0.1 +£1.3) x 107, (2.49)
[Vis| = 0.2248 £0.0009 , € Re(Vys) = —(0.5+0.9) x 107 . (2.50)
As stated by [85] in their analysis of RH currents in semileptonic K decays, for
er = O(1073) these results do not imply small mixing angles among the first two

generations in the RH sector.

Due to the smallness of €;, we neglect it in our further analysis. This is perfectly
justified as the best experimental measurements of b — ¢ and b — u transitions have
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errors of at least O(1%).
Bounds from b — ¢ transitions

We now briefly review the formulas necessary for b — ¢ transitions. First we take a
look at inclusive decay B — X f1v,. Recall that in case of inclusive decays the matrix
element consists of a sum of a LH and a RH contribution. This has to be squared
in order to obtain the decay rate, so that a non-trivial mixing between left and right-
handed contribution is generated. It is possible to apply the procedure of comparing
this combination to the SM result as stated above. The result reads

~ 2 ~
inc 2 ‘/cb V;;b
(IVerlgio)” = [Veol® |1+ fenl® |72 = 7 Re (”ﬂv_cb) : (2.51)
where [86]

Vi | B exp = (41.54 £ 0.73) x 1077 . (2.52)

The strength of interference is given by

h(5e)
m

Ping = 16— 2.53
C O ) (2.58)

with f(z) = 1—822482% —28—242'log x and h(z) = 1—32*+ 32 +2°+6(2*+21) log z.
The numerical value i, = 0.97 x 1073, shows that RH currents have little impact on
inclusive decays. This is in agreement with [46].

The exclusive decays B — D*{vy, and B — D{y, can be used to elaborate two further
conditions for the determination of V,, and egrV,, respectively. It turns out that the
differential decay rate is a more useful quantity as it has been studied by various
experiments [87]. Furthermore, a simple description is provided by considering the
heavy-quark limit. Instead of two and four form factors respectively, one form factor,
the Isgur-Wise function, is sufficient to describe the long distance contributions from
the hadronic matrix elements. For completeness we show the SM differential decay
rates [88]:

(B — D*(i) G2
DD L P f - )P@)F@)?, (25

dl'(B — D£l7g) G?
B2 DI by Plms + moPmib(w? ~ )26, (25

where the variable w = Ep.)/mpe) in the rest frame of the B meson. F(w) and G(w)
are the hadronic form factors and P(w) denotes the phase space factor. At the zero-
recoil point (w = 1), where the momentum transfer to the leptons is at its maximum, we

have P(1) = 12(mp — mp+)?. The products F(1)|V,| and G(1)|V,4| can be determined
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with high accuracy from a fit to the measured recoil spectrum after expanding the
hadronic form factors around w = 1, in particular 86|,

F()|Val&ihy = (35.41£0.52) x 1072, (2.56)
G| ValSiDy = (424+1.6) x 1072 (2.57)

In the heavy-quark limit only axial and vectorial contributions are involved in the rates
of B — D*lv, and B — D/, respectively. Hence our conditions read

Vs &0 8 = Vet = €rVas | (2.58)
"/Cb|SBl\Z£(p - H/Cb + 6R‘/cb| . (259)

In order to proceed we have to specify the values of the form factors at w = 1. In
general F(1) and G(1) can be determined in two ways [87]:

e Heavy quark symmetry yields the normalisation F(1) = 1, but short distance
radiative corrections and symmetry breaking effects must be taken into account.
This can be analysed in a controlled way within heavy quark expansion and heavy
quark effective theory.

e However, a second method using lattice calculations allows us to also consider
effects from finite quark masses.

Using the lattice method leads to G(1) = 1.074 + 0.018 £ 0.0016 [89], F(1) = 0.921 +
0.013 £ 0.0020 [90], and hence one can deduce

Vi iy = (394 £ 1.7) x 1072 Voo S, = (383 +£1.2) x 107° . (2.60)

A global fit to V,, and egV,, using the three constraints in equations (2.52), (2.58), and
(2.59) is subsequently performed, we then obtain the following results

V.
V| = (40.74£0.6) x 1073, €r Re (V—b> = (2.5425) x 1072 (2.61)
cb
and the final result B
er Re(Vz) = (1.0 £1.0) x 1072 . (2.62)

The best fit solution with x?/Ngot = 4.3 shows that RH currents cannot provide an
explanation for the different values of V, within the different determinations. This was
expected as both exclusive values in equation (2.60) are below the inclusive one. It
was already pointed out by [91] that the inconsistency of data between the different
determinations of V, could emerge from an overestimate of G(1) on the lattice. [91]
suggests a lowered value of G(1) = 0.86. Repeating the fit with the same error gives
a much better fit, x?/Ngor = 0.9, with the result for eg Re(f/cb) lying perfectly in the
range of equation (2.62). For this reason we keep the value obtained in equation (2.62)
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for the following analysis.
Bounds from b — u transitions
In analogy to the decays analysed above, the conditions for b — w transitions can

be obtained straightforwardly. For the inclusive term the interference is completely
negligible and we have

(‘VUb’iSnl\ill-exp)Q = |Vub‘2 + ‘GR‘2|‘7ub’27 (263)
with [86]
Vi | Lexp = (411 £0.28) x 1072 . (2.64)

Let us now collect the conditions for the exclusive decays. Only the axial part enters
in B — wlv, hence

Vi B = Vi + €rVia| = (3.38 £0.36) x 1073, (2.65)

where the experimental value is taken from [86]. Finally, we have the pure leptonic
decay B — Tv decay, within the SM described by [92]

Gpmpm? m2 ’ 2 1/SM 2
Br(B—mv)sy=——"""[(1— falVa I°8 - (2.66)

2
8m mp

Using the experimental value for the branching ratio Br(B — 7v)*® = (1.73 £ 0.34) X
107 93], and fz = (192.8 4+ 9.9) MeV [94], encoding the non-perturbative effects of
the transition matrix element leads to the condition

V| Bt tp = [Vio — €rVi| = (5.14 £ 0.57) x 1075 . (2.67)

Eventually we perform a global fit using the three conditions which leads to the following
solution:

Vi
V| = (4.14£0.2) x 107%, €z Re (V—”) = —0.19£0.07 . (2.68)

ub

In contrast with the b — ¢ transition, in this case the fit is excellent with x?/Ngo = 0.3.
While in the SM the different determinations of V,; do not match, commonly formu-
lated as the |V,,| problem, here the situation is significantly improved. The fact that
RH currents can provide a solution for the |V,;| problem was first stated by [44-46]. We
show our global fit solution in figure 2.2. Obviously, the discrepancy between inclusive
and exclusive determinations is resolved in the presence of RH currents. Here the true
value of |V| turns out to be (4.1 4 0.2) x 1073, shown as a black dot, selecting the
inclusive determination as the true value. The SM case then corresponds to the top of
the vertical axis, where the three determinations of |V,;| are clearly different.
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Figure 2.2.: The constraints on the CKM element |V,;| and the RH mixing matrix

element ep Re <V > from the three analysed decays B — mlv (green), B — X, (v

(blue), and B — 7v (orange). The bands for the various decays represent the +1o
deviation and the best fit solution is shown as a black dot with the ellipse giving the
lo region around it.

The combination e Re (V“:) was chosen to avoid assumptions on the phases of the RH

matrix. It is also possible to keep Im(vub /Vup) as an additional free parameter, however
without imposing further assumptions the solution is not unique. For example, when
assuming [Vio| < |Via|, equation (2.68) is the best-fit solution for a large interval of

Im(V,p/ Vi) around zero. Indeed, allowing for a phase of Vi / Vi within a conservative
range finally yields

lexVip| = (1.0£0.4) x 1073, for -~ < arg <—“b> < % . (2.69)

Summary

Constraints from the data on tree-level charged current transitions, in particular u — d,
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u — S, b— u and b — ¢, can be summarised as

_ <14 <14 104+04 10-3
Vi~ - ~ <20 x( ) (2.70)

€R

We have assumed small phases except for IN/ub, hence for the other elements we have
not performed a phase variation. The bounds presented here lie in the +10 range of
the previously determined bounds.

2.4.3. Bounds from unitarity and from phenomenology

Having derived the bounds on the full first row of the RH mixing matrix, we can make
use of unitarity and get a bound on €g

- ~ - 1/2
ler| = (yeRvudF +lerVis|? + \eRVubP) — (1.0£0.5) x 1073 . (2.71)

It turns out that e, given in (2.48), and €eg lie in the same range. Furthermore the
result of (2.71) is in agreement with the naive estimate using cg = O(1) and an effective
NP scale of A = 47v &~ 3 TeV. Recalling (2.35) we obtain

crv?
2A2

€R ~ ~O0(107%) . (2.72)
From the unitarity of the third column one can deduce that the large ]‘71‘5] constrains
the maximal value of |Vj,|. A large value of |V},| is preferable since it minimises, again
due to unitarity, the contribution to the elements |Vs| and |V;4|. These are known to
contribute to By, — Bg,s mixing which are highly constrained. Furthermore a large |V

could help to improve the agreement of the Z — bb coupling in the RH sector with
experiment.

2.4.4. The global fit

As indicated above we perform our global fit by maximizing sz] We adopt the bounds
on € R|‘~/ud|, € R|‘~/us\, € R]f/ub], and € R\‘Zb| from the previous section and use the parametri-
sation from equation (2.31). The best-fit solution, with x? ~ 1.1, yields the following
RH mixing matrix
N 0 —0.76 —0.65
V| 08 —031 0.36 (2.73)
0.48 0.57 —0.67

and ep ~ 1.27 x 1073. From this fit we conclude that the RH mixing matrix is well
described by the following ansatz, which keeps |V};| maximal.

~ 1) C12C13 S12€13  S13
VO = —S19 C12 0 . (2.74)
—Ci12813 —S12513 (13
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This ansatz can be simply obtained from equation (2.31) with taking é,3 — 1. Again
we can perform a global fit, the result reads

N 0.39 —0.61 —0.69
VD~ | 084 054 0 . (2.75)
0.37 —0.58 0.73

At 90% C.L. we find |‘7tb| < 0.73, which is smaller than the corresponding value in the
CKM matrix with |Vj| ~ 1. By unitarity, |Vis| and |Vi4] are enhanced relative to their
CKM counterparts and hence contribute to FCNCs.

The ansatz in equation (2.74) can be simplified further. We can deduce from equation
(2.75) that the maximal |Vj| scenario is described to a good approximation by

|613| =~ —513~ 0.7, R~ 1x107%, (2.76)
where we select the sign convention sgn(¢;3512) = —1. This implies that

£E, 2 +5,L2 L2

v = —512 C12 0 : (2.77)
G192 52 Y2

where the angle of § 312 and ¢qo, is the only free parameter and yields a simple descrip-
tion. We will use VO for our phenomenological analysis, which will be performed in
chapter 5. As we will show below, this structure of the matrix is crucial for various
observables of meson-antimeson mixing. Note that for the full RH mixing matrix we
still have to take into account the extra phases (2.30), which contribute to CP-violating
effects.

It should mention that the only reasonable alternative to our ansatz in (2.77), consistent
with FCNCs, is to expand ‘70(1) in equation (2.74) with the assumption ¢;3 < 1. Thus
we can write
C13C12 C13512 —1
VW= -5, @ 0 |. (2.78)
C12 S12 Ci3
This ansatz evades all constraints from charged currents except b — w transitions.
Furthermore, it has small effects in B physics but large effects K physics, which are
tightly constrained by the data. This and the smallness of |V};| make it less attractive
than V(I ). This will become fully clear when we examine the flavour structure of the
RH mixing matrix appearing in meson anti-meson mixing in section 5.1.3.
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3. Right-handed currents:
An explicit model

This chapter is devoted to the description of the second model that we discuss in this
thesis: the Left-Right Model (LRM). In contrast to the previous model we follow a
top-down approach in this case. This model has been widely studied within certain ap-
proximations, in particular with exact left-right symmetry. However, to keep the model
as general as possible, we allow for a small asymmetry of the left- and right-handed
sector. We begin this chapter with a very brief summary of early developments in this
class of models. Subsequently, we discuss the setup of the LRM and provide informa-
tion, including constraints from tree-level decays and electroweak precision observables,
necessary to study AF = 2 processes, which will follow in a separate chapter.

3.1. Preliminaries

The original idea of left-right symmetric models aiming to establish parity at high scale
traces back more than 35 years [29-32,95|. The enlargement of gauge symmetry by
an additional SU(2)g symmetry with respect to the SM yields, apart from new heavy
gauge bosons, mainly two characteristic quantities: a new RH mixing matrix and an
additional right-handed gauge coupling. Early studies mainly concentrate on the anal-
ysis of two simplified scenarios, which are commonly called “manifest” scenario [32| and
“pseudo-manifest” scenario [33-35] characterised by explicit and spontaneous CP vio-
lation, respectively. These assumptions determine the form of the RH mixing matrix
which appears then either identical to or the complex-conjugate of the CKM matrix
up to certain phases. A detailed description of the classification can be found in [39].
Furthermore these early works prefer an exact left-right symmetry implying the left
and right gauge couplings to be equal.

The phenomenological implications of these simple setups have been extensively stud-
ied [96-99]. The “pseudo-manifest” scenario has already been ruled out by the cor-
relation of x and sin(2/3) [100] as well as the prediction of light Higgs triplets [101].
Further in both scenarios the heavy charged gauge boson mass My, Z 4 TeV is strongly
constrained [36,96,102|. This is mainly driven by the K, — K¢ mass difference and
CP violation in K° — K° mixing. Therefore we conclude that the right-handed mixing
matrix must have a different structure than proposed by these simple setups in order
for the new gauge bosons to be accesible at the LHC. Subsequently, there have been
more general studies on CP violation beyond these two approximations [38,39, 103].
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Recent studies of many flavour observables within this class of models can be found
in [36,37,104,105].

Our analysis makes even more general considerations. Apart from allowing for a split-
ting in left- and right-handed gauge couplings, the right-handed mixing matrix will be
incorporated in its most general form. This will subsequently allow us to deduce its
structure only based on phenomenology.

3.2. The Left-Right Model

Now we briefly summarise the theoretical setup for the LRM. Since this model has
been studied extensively in the literature, here we only present the key features for our
analysis. In particular, we orient our notation close to the one given in [36-38|.

3.2.1. Symmetry and scales

The basic ingredient of the general left-right model is its left-right symmetric gauge

group
SU(?))CXSU(2)L XSU(Q)RX U(l)B_L. (31)

In this model parity is conserved at high scales but broken at lower scales. This break-
down is not necessarily linked to the mechanism of the SM symmetry breaking or the
TeV scale but can originate from a much higher scale [106]. The gauge couplings g7, and
gr, belonging to the left and right SU(2) gauge group respectively, are then expected
to exhibit a small splitting [107]. Hence, we adopt a more general scenario than what
has been considered in most studies [36-38|.

In order to recover the SM as the low energy theory and to give masses to gauge
bosons and fermions, we break the symmetry spontaneously in two step. There are two
characteristic scales, one for each step of symmetry breaking, which will be incorporated
as VEVs of the corresponding Higgs fields. We fix the first breaking at a high scale
kr ~ O(TeV),

SU(Q)R X U(l)B_L%U(l)y, (32)

where U(1)y is the SM hypercharge gauge group. The standard electroweak symmetry
breaking

takes place at scale v. The value of v will be described in the next section, but generally
the scale is such that v < kg.! The size of kp controls the magnitude of the masses of
heavy new fields unlike the masses of the SM fields, which are set by v. The hierarchy

Tn order to avoid confusion we want to stress the different conventions used for the parameter v in
the LRM and RHMFYV. In the LRM, we use v = 174 GeV.
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of scales can be expressed by the small parameter

€= —, 3.4

- 3:4)

in which all NP effects can be expanded. We restrict our phenomenological analysis
to the leading corrections which means in practice up to O(€?) effects. Furthermore it
should be stressed that € and hence Ky is restricted by electroweak precision constraints.

3.2.2. Particle content

Next we want to describe the fermion fields, Higgs fields and gauge boson fields in the
model.

Fermion fields Chiral fermion fields are grouped in doublets with respect to the cor-
responding symmetry group, hence the left-handed fermions are embedded as SU(2)y,
doublets while right-handed fermions form SU(2)gr doublets. For the opposite sym-
metry group they act as singlets. In contrast to the SM the setup is now left-right
symmetric. We treat the leptons similarly. The transformation properties with respect
to the symmetry given in equation (3.1) can be summarised as

u 1 U 1
QL:(di)N<3,2,1,§) , QR:(dg)N<3,1,2,§) ) (3.5)
Lp= ( ?L ) ~(1,2,1,-1), Lg= ( - ) ~(1,1,2,-1) . (3.6)

L R

For these particles the electric charges can be obtained from

B—-L
Q=T +Tsr + —5 (3.7)

Note that in this framework the hypercharge numbers do not appear arbitrary as is it
the case in the SM [107].

Higgs fields As stated above the pattern of symmetry breaking requires at least two
independent Higgs fields, due the LR symmetry at high scales three Higgs fields need
to be introduced. For the step one breaking in equation (3.2) a triplet representation
is chosen for convenience

Ap = ( 5?55/9;/5 _5‘55\/5 ) ~(1,1,3,2) (3.8)

which gets the VEV
0 0
(Ag) = ( ) . (3.9

K,RO

Starting from scratch one has to take all VEVs as complex entries, hence a phase should
appear in every VEV entry. Here we have used the form from [36], where redundant
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phases have already been removed by making appropriate phase transformations. It
should be stressed that the triplet representation has the advantage that in the neutrino
sector a TeV scale seesaw mechanism is automatically incorporated. Thus Majorana
masses are generated for RH neutrinos at TeV scale while light neutrino masses ap-
pear suppressed [42,43,108]. Doublet or even more complicated representations are
possible in principle, however we will not consider them here. This is motivated by
the attractive features of the triplet structure in the neutrino sector. Quark flavour
phenomenology, on which we concentrate in this thesis, does not depend sensitively on
the detailed structure of the Higgs sector. We will elaborate on this statement below.

In order to be able to establish parity at a high scale, the introduction of the Higgs
triplet field Ag implies the existence of an SU(2); triplet. This triplet can then be

written as +/\/_ .
(0L /V2 or
AL—< 62 _5z/\/§) (1,3,1,2). (3.10)

(AL) = ( ’ 0) : (3.11)

ke 0

Its VEV reads

As we do not want to generate large Majorana masses for the left-handed neutrinos,
consequently we have k;, S O(eV). This assumption will allow us to simplify our cal-
culations as we can approximately assume (Ar) = 0.

Finally we have a bidoublet,
o1 &

which is responsible for the second step symmetry breaking in equation (3.3). This
bidoublet will also provide the light SM Higgs. When taking the VEV, we can write

¢ = ( o ) ~(1,2,2,0), (3.12)

= o ) (3.13)

where we set

v=VK>+K?=174GeV. (3.14)

Since we know that the masses of up and down type quarks are not equal, we require
k' # k.2 For our analysis it is convenient to introduce the following parametrisation

K;/

s = and c=". (3.15)
v

As v is fixed due to the relation (3.14) the parameters s and ¢ can be associated with
sine and cosine. Due to the hierarchy m;, < my, the sine is generally expected to be

2The limit ¥ = &’ is not allowed in our further analysis; this can also be seen from the divergent
behaviour of several observables in this limit.
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much smaller than the cosine so that k" < k. We analyse this hierarchy more carefully
in our numerical analysis below, using 1 < k/x’ < 10 typically.

We have summarised further details of the Higgs sector of the LRM in appendix A.

Gauge bosons Next we study the gauge boson sector of the model. Associated with
the gauge symmetry SU(2);, and SU(2)gr we obtain the corresponding gauge fields
denoted W}  and Wg“, respectively. The U(1)x gauge field is denoted by B,. We
present relevant formulae for mass eigenstates and masses in appendix C. As expected,
after electroweak symmetry breaking gluons and the photon remain massless. In ad-
dition to the SM W= and the Z bosons the fields W'* and Z’ are also present with
heavy masses of O(TeV). Their parametric dependence can be found in appendix
C. Furthermore, the gauge bosons of the same charge mix after transforming to mass
eigenstates, for example W* (W'%) is dominated by Wy (Wg) with small RH (LH)
admixture of O(e?) [109]. A similar argument holds for the neutral gauge bosons.

We note that in the course of our flavour analysis we make use of a simplifying notation.
In order to keep the expressions more transparent, instead of W and W’ we will use
Wy, and Wg, respectively, even though they differ by O(e?) corrections. It should be
stressed that this is only a matter of notation and all formulae will correctly include
these corrections.

3.2.3. Yukawa interaction and quark mixing matrices

In the course of our analysis we need more detailed information about quark flavour
mixing. To this end we have to specify the Yukawa sector, most generally given by

Ly = —4i;Q 1, 0Qr; — Z?z‘j@u(;QRj + h.c., (3.16)

where ¢ = 09¢*0y and 4,j = 1,2, 3 are flavour indices. It is worth noting that in the
quark sector only a coupling to the bidoublet is involved. Fermion mass matrices can
be straightforwardly obtained

(My)ij = v(Ya)ij (Ma)ij = v(Ya)i (3.17)
where ' '
(Yu)m = yijc + g}ijse*w‘ s (Yd>ij = yijsem + gijc . (318)
These matrices can be diagonalised as usual by the bi-unitary transformations
M = UIM,Ug, (3.19)
M = D! M;Dp, (3.20)

where the matrices Ur g and Dy, g transform the quarks from flavour into mass eigen-
states.
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It appears that the charged current interaction of quarks involves now LH and RH
mixing matrices for LH and RH currents, respectively. All Feynman rules necessary
for our analysis up to O(¢?) can be found in appendix F. Here we just define the two
mixing matrices in the LH and RH sectors, in particular

vi=ulD,, VE=ULDjg. (3.21)
where V¥ is the CKM matrix and V' the new RH mixing matrix.

We adopt the general parametrisation used in RHMFV as given in equation (2.29) for
the RH mixing matrix. Note that we distinguish the matrices from RHMFV and the
LRM via their notation, V and V¥ respectively. It should be stressed that we fol-
low different procedures in order to develop their structure from phenomenology, even
though the general parametrisation is the same.

Finally we want to mention that a full counting of relevant parameters in the quark
sector is given in appendix D.

3.2.4. A brief note on the lepton sector

In this thesis, we mainly concentrate on quark flavour physics. Still various leptonic and
semi-leptonic decays enter the tree-level constraints on the RH matrix. These allow to
extract the constraints on the mixing matrices in a clean way. Hence some knowledge
about the structure of the lepton sector is required. In analogy to the quark case one
can write down the gauge-invariant Yukawa coupling. A detailed study was performed
by the authors of [42,43]. We just summarise their findings.

In the lepton case we have additional couplings of the Higgs triplets Ay r to the lep-
tons, leading to Majorana mass terms. The bidoublet provides mixing terms. After
transformation to mass eigenstates the light neutrinos are dominated by the LH contri-
bution with a small RH admixture. The heavy Majorana neutrinos consist in turn of
the RH neutrinos also modified by a small left-handed contribution. The corresponding
mixing angle can be estimated from the masses of the heavy and light neutrinos. A
conservative estimate for heavy neutrino masses of around 100 GeV yields a mixing of
O(107°%) [110]. We conclude that Yukawa couplings have to be very small. In agreement
with [111] we find these mixing effects to be safely negligible, remembering that they
have to compete with O(e?) effects, which we estimate to be of O(1073).

3.3. Tree-level constraints

3.3.1. Elaborating relevant effects

From our analysis of RHMFV we know that the RH mixing matrix is constrained by
various tree-level decays. In this section we briefly want to repeat this analysis for the
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LRM.

In the LRM new contributions can potentially arise from the new RH couplings of the
W gauge boson, from the exchange of the heavy Wg gauge boson, and from the heavy
charged Higgs boson. We now describe which effects are indeed relevant. The following
criteria can be identified:

e As stated above mixing effects in the lepton sector are negligible.
e Only light neutrinos can appear in the final states of the decays.

e Diagrams including the heavy Wpx boson are of O(e?), doubly suppressed by the
coupling to light neutrinos and the Wx propagator, each of O(e?). At O(€?) then,
only the SM couplings are relevant.

e Charged Higgs boson effects are considered only for leading order couplings. Fur-
thermore all processes not involving the top quark are Yukawa suppressed and
hence negligible.

The last point raises the question whether charged Higgs effects might be negligible.
In order to examine this statement we consider the example of the decay Bt — 7t v,
where a potential contribution is still likely due to the chiral suppression of the dia-
gram involving the gauge boson propagator. Subsequent calculation shows that such
diagrams are suppressed by the factor m% /M. Thus they do not contribute for a
heavy charged Higgs. Indeed, we will use a heavy Higgs in our numerical analysis later.

Potentially, the model can also have corrections a modified Fermi coupling Gr. But the
analysis of the p-decay width shows that these arise at O(e?) and consequently have
no impact on the tree-level decays.

We conclude this section by completing our list of criteria:
e Charged Higgs effects are negligible.

e (G obtains no corrections.

3.3.2. Comparison to RHMFV

The constraints on the mixing matrices from RHMFV (see section 2.4.2) can be adapted
to the LRM with the following identifications

e, = O(eh, ep = cse” V =eVE, (3.22)

This is mainly due to the fact that charged Higgs effects are negligible in the tree-level
decays. Note that we can set o = 0 since both mixing matrices are simply unitary
matrices (see for a more detailed discussion in appendix D).
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3.3.3. Summary of inputs and constraints

In the following we use the constraints from section 2.4.2 with updated experimental
values (see table 3.1) and also include constraints from elements with higher uncertainty.

Br(n — ) = 0.9998770(4) [112] [ f, = 129.5(17) MeV
o0V Vi S = 0.2163(5) £,(0) = 0.9584(44)

Fic) fel Vs / Vil <% = 0.2758(5) (84 | e/ f = 1.1931(53)
Br(Ds; — tv) = 0.0529(28) fp. = 248.9(39) MeV
Br(B — mv) = 1.64(34) x 10~ i = 205(12) MoV [94]
F(1)[Vi| P72 = 0.03604(52) F(1)=0.908(17)  [113]
G(1) Vi |B7P = 0.0423(15) [114] [G(1) = L.074(24)  [115]

Table 3.1.: Updated values of the most important experimental and theoretical
quantities used as input parameters for the constraints from tree-level decays.

We can efficiently summarise the constraints by introducing a short notation for the
constraints from vectorial and axial currents. One can write

\Vijlv = ‘VUL + cseio‘EQVéR

, |Vijla = ‘V”L — csem(—:ZVif . (3.23)

In some cases we can constrain H/;jL| directly from the inclusive semileptonic decays,
as in the determination of |V%| from B — X,fv. We have collected all our results
compactly in table 3.2.

Here a few comments are in order:

e In the determination of |VZ| and |V;7| interference terms between left- and right-
handed quarks are suppressed by m, and m,/m; (¢ = d, s,b), respectively. Hence
we can drop them.

e The constraints from ¢ — d, ¢ — s and t — b transitions suffer from large
uncertainties, so they will have little impact.

e The t — d and t — s transitions cannot be measured from tree-level decays.
Therefore in this case we obtain no constraints.

3.4. Electroweak precision constraints

3.4.1. Introduction

Electroweak precision tests are known to set important constraints on the masses of
heavy gauge bosons and electroweak parameters. Due to the high accuracy of the
measurements of Z pole observables and W boson properties, these constraints have
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’ transition ‘ considered decay ‘ references ‘ constraint ‘ values ‘
u—d | superallowed 07 — 0T [112] Vv 0.97425(22)
=ty [116] A 0.981(13)
u—S K — mly [84] Vv 0.2257(12)
K — v [112] A 0.2268(32)
c>d | Do Klv, D> xlv | [112] v 0.229(25)
vN charm production [112] A 0.230(11)
¢ — s | semileptonic D decays [112] \Y% 0.98(10)
Dy — 7ty [94] A 0.978(31)
b— u B — X, lv [112] L 1.27(38) x 102
B — wly [112] \Y% 3.38(36) x 1073
B —Tv [94] A 4.70(56) x 1073
b—c B — X v, [36] L 41.54(73) x 1073
B — Dlv [114,115] \% 39.4(17) x 1073
B — D*lv [113,114] A 39.70(92) x 103
t—b e [117] L 0.95(2)

Table 3.2.: Summary of all tree-level constraints on the elements of the left -and
right-handed mixing matrices. The letters A, V and L stand for constraints on |V;;|a,
[Vijlv and [V;7|, respectively.

to be seriously considered in order to perform a realistic analysis. Interestingly, EWP
constraints are somewhat complementary to the constraints from flavour physics which
mainly concern the flavour structure such as quark mixing matrices of a special NP
model. That does not imply that effects can be considered completely decoupled from
the analysis of the flavour sector, however it is possible to consider them in a two step
procedure. We find first allowed ranges for parameters by EWP tests and then further
proceed by restricting these ranges though flavour constraints. In this section we will
perform the first step in the analysis of the electroweak sector.

It should be stressed that a consideration of the gauge self-energy parameters S, T'
and U [118] in this context is far from being satisfactory as oblique corrections are not
able to capture all NP effects. Rather, non-standard electroweak corrections have to
be treated in a systematic approach such as the one followed in a model-independent
analysis by Burgess et al. [119]. They calculate EWP observables from an effective
Lagrangian point of view. The most general effective Lagrangian, being in accordance
with the symmetries of the model, is used to work out the relations between measured
observables and parameters of SM part of the Lagrangian by rescaling in order to get
canonically normalised gauge kinetic terms. These parameters are clearly not identical
to the parameters of a pure SM theory as they are modified by the NP contributions,
which enter through the coefficients being calculated from the underlying theory. In
the last step a fit of theoretical predictions to experimental data is performed in order
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3 Right-handed currents: An explicit model

to find the allowed regions in the parameter space.

In such a fit about 40 low-and high energy observables are usually considered [112,120,
121], including the measurements around the Z resonance from LEP I and the high
energy data from LEP II. Since this kind of analysis is clearly beyond the scope of
this work, we will take the results of [105], which are based on above described ideas
from [119]. The authors of [105] present a global fit analysis of EWP observables for
various models with SU(2); x SU(2)y x U(1) x gauge symmetry, among them the LRM,
there denoted by LR-T.

We will now briefly outline the strategy of [105] including a dictionary which translates
their notation to ours.

3.4.2. Structure of the analysis

The electroweak sector of the LRM is characterised by six parameters, given in equa-
tions (D.25) and (D.26) of appendix D. For the global fit, [105] distinguishes between
the so called reference parameters and fit parameters. The reference parameters are
commonly chosen to be the three most precisely measured quantities, in particular

Grp, My,  a.=a(M3), (3.24)

where the electromagnetic fine structure constant at the Z-pole is given in the MS
scheme by
1/a(M3) = 127.916 + 0.015. (3.25)

The next step is to express the reference parameters in terms of model parameters.
Fixing the reference parameters by input data allows to reduce the number of free
parameters. The remaining parameters, describing the NP effects, usually referred to
as fit parameters, are used to perform the global fit. When adapting the notation
of [105], these fit parameters read

1 _
—, Cj=Cr, sin2f=2sc, (3.26)
€

5=
and we have argued in appendix D that we can set a = 0. Essentially we perform
a change of variables from model parameters to reference and fit parameters The fit
observables have to be expressed in terms of the parameters in (3.24) and (3.26). As up
to now all our formulae are written in terms of model parameters, we want to illustrate
the change with a few important examples.

e We verify that G and My are free of O(e?) corrections. Cancellation of such
corrections is achieved when using the definitions v and sy according to *
9 1 ma(M2)

2 2
V= Sy =2 3.27
2V/2G VW VaMEGy (3.27)

3In [105] a different convention for the Higgs bi-doublet is used. In our convention v is chosen by a
factor of v/2 smaller.
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e The mass My, is modified by

2 2 4
E_W (Sr_gge)| (3.28)

My =M 1
W Zew +20%,V—3W 4

where now sy and ¢y are defined through (3.27) and we have suppressed the SM
one-loop corrections.

e For the heavy masses My, and Mz we choose to drop the O(€?) corrections,

hence 5 o 0022
"R (Y

My,)? = 2 (My)? =1 3.29

(M) Clysh (M) CRCHSh ( )

sy and ¢y are given as before by (3.27). For our estimates the leading term
is sufficient, but in case of discovery precisely measured values could help to
constrain the parameter space and add them to the list of reference parameters.

While in EWP observables both tree-level and loop corrections are included for the SM,
the NP corrections are only incorporated at the tree-level. A global fit is then performed
over the fit parameters in (3.26) considering 37 EWP observables with respect to the
corresponding data. The fit yields regions in the parameter space which are consistent
with EWP data. These findings are summarised in Tables IX and X of [105]. There
they show the formulae for corrections to the most constraining observables, which in
the LRM are given by op.q and Apg(b).

3.4.3. Collection of constraints

In this section we collect all relevant constraints from EWP observables. Summarizing
the findings from [105] in our notation, using equations (3.26), we find the following
constraints:

e Related to the Z pole observables, in particular the total decay width, one can
deduce oy,4, the partial branching fraction of Z — ¢gq,

2 4
00had/ Thad SM = {—1.13%R - 0.142%’% + 0.0432(232(:2)] . (3.30)

e One can find the forward-backward asymmetry Agg(b) given by

4

2
5 Apg(b) /App su(b) = {—30.0% + 67.6% - 20.6(25202)} = (3.31)

e From parity violation experiments the weak charges of atoms can be determined,
in particular for the caesium-133 nucleus one obtains

6Qw (Cs)/Qwsm(Cs) = [—0.855% - 0.145(232(;2)] €. (3.32)
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e Deep inelastic v-N scattering measurements allow us to measure the left-handed
coupling and the corresponding constraint reads

592" ) /(g1 ém)” = [0.0219 + 0.478¢F, + 0.210cy, — 1.42(4s°c*)| €. (3.33)
A more detailed description of the several observables can be found in [105,122]. We

find that the best treatment of conditions (3.30) to (3.33) including their analysis of
errors is given by

|[EXP — SM(1 + CON)| < /(AEXP)2 4 (ASM(1 + CON))2, (3.34)

where EXP and SM denote, experimental and the SM value, respectively. CON has to
be replaced by the corresponding condition of equation (3.30) to (3.33). We summarise
all necessary inputs in table 3.3.

’ Observable \ experimental value \ SM value ‘

Ohad [nD] 41.541(37) 41.484(8)
Arp(b) 0.0992(16) 0.1034(7)
Qw (Cs) —73.20(35) —73.15(2)
(gNv)? 0.3027(18) 0.30399(17)

Table 3.3.: Inputs for the electroweak analyses from [112].

Furthermore we have to take into account the constraint from the W mass. This
constraint can be directly derived from (3.28) after inclusion of the SM loop corrections.
Actually the analysis can be simplified by considering only the shift from NP, defined
by the difference between experimental and SM value, we obtain

2 Mz

3 4
(AM T = @ =E W (TR 22%) = (0.0404648) Gev,  (3.35)
w w

where the SM and measured value are taken from [120, 123].

We also have to incorporate the direct experimental constraints.

e Collider experiments provide a direct bound for a heavy Wg. The bound depends
on the ratio of the gauge couplings g and gr. Usually for unequal couplings this
bound is weakened. The most recent experimental bound is roughly My, > 2 TeV
[124-127].

e The TWIST Collaboration [128] provides a direct experimental bound on both
the ratio of gr/g;, combined with the mixing angle and the ratio g, /gr linked to
the Wg mass. Using the relation sy /(cwsgr) = gr/gr the first constraint can be
simplified and at 90% C.L. we obtain

sce? < 0.020  and CZVSR My, > 578 GeV . (3.36)
w
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Finally, for completeness we would like to mention that in order to keep the gauge
couplings in the perturbative range we impose additionally g% < 47 and ¢ < 4,
while gy, is fixed by the input data and the reference parameters.

3.4.4. Numerical pre-analysis of the electroweak parameter
space

In this section we provide a numerical analysis of experimentally allowed ranges for
electroweak parameters implied by EWP observables. We remark that these parame-
ters cannot be independently constrained from the flavour sector. However, since the
analysis of EWP observables does not involve the flavour parameters of the matrix V
it is possible to pre-constrain them.

We have argued above that the effective number of parameters to be considered can be
reduced to three as given in equation (3.26). In order to find the corresponding allowed
ranges, we generate random values in their full range and check whether all constraints
as collected in section 3.4.3 are fulfilled. In practice we scan over 0 < s < 1/4/2,
0 <sg<1landO0<e<0.1. Note that in principle 0 < s < 1 is possible, but following
our arguments of section 3.2.2 the relation of equation (3.14) can be used for this fur-
ther restriction. The choice for the scan of the parameter € is driven by the fact that
we want to examine heavy particles with masses around the TeV scale. Furthermore
for every set of valid parameter points the x? function is evaluated. The results are
illustrated in figures 3.1 to 3.3 showing the correlations between the three electroweak
parameters €, sg and s.

In figure 3.1 we show the parameter s as a function of . The colour spectrum identifies
preferred regions in parameter space by encoding ln(x2 /Ndor.). As indicated by corre-
sponding colours, generally smaller values for € are favoured. The best fit region lies
around € ~ 0.03 and s > 0.1 as indicated by the color black, where the constraint from
Apg(b) is in accordance within 20 with the data from LEP. Note that we are not able
to fulfill all constraints simultaneously better than 20. Consequently, in principle EWP
observables hence imply a 20 tension within the LRM. However the LEP measurement
has to be considered with a healthy criticism since the competing SLD experiments
did not measure a departure from the value expected in the SM. Furthermore, we can
deduce from figure 3.1 the bound s > 0.1. It implies that top-inspired LR models [39],
which assume ¢/s = /K" = m;/my, are disfavoured by EWP observables, in particular

Figure 3.2 illustrates the correlation of sg with respect to €. As in the previous plot, the
colour black confines the preferred region in parameter space pointing towards small
values for e implying sz > 0.7. In order to be more general the bound sz > 0.1 is
imposed from the perturbativity constraint.
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Figure 3.3.: Correlation of mass My, and parameter €. The colour spectrum indicates
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Finally, we show in figure 3.3 the dependence of the heavy gauge boson mass My,
with respect to €. A specific choice of electroweak parameters will also fix the masses of
heavy gauge bosons and as we will see later also have profound impact on the masses
of heavy Higgs fields. As can be seen from parametric dependence of the heavy gauge
boson masses, the mass of the Wx boson increases when € is lowered. The reason that
we do not obtain a strict correlation is due to additional parameters. It should be
stated that the black region, linked with a better agreement with the Agg(b) constraint
as stated above, provides an upper bound of roughly My, <7 TeV.

In summary, one of the main results of this section is our best fit region, in particular
e~003, 0l<s<1/vV2, and 07<sp<l1. (3.37)

We will incorporate these results as outlined below in section 6.3 into our comprehensive
analysis of flavour observables in an appropriate manner.
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4. Intermezzo: General remarks
about flavour observables

Flavour observables play an important role in searching for NP and are complementary
to direct collider searches. In this chapter we give a compendium of formulae necessary
for the flavour analysis of both models considered. Most of these formulae are valid
independent of the particular model and apply to both models considered in this thesis.
We do not want to replicate various reviews (see for example [52,129]) and we just
summarise the main points therein useful for our analysis. In particular, we consider
particle anti-particle mixing and rare decays. We list their operator basis and provide
suitable formulae for the study of NP contributions to flavour observables. Finally, we
review the status of current experimental data and compare it to the SM predictions.

4.1. Preliminaries

The starting point of every flavour analysis beyond the SM is the effective Hamiltonian.
This effective Hamiltonian encodes both SM and NP effects at the quark level. It can be
constructed by incorporating all Feynman diagrams contributing to the process under
consideration. It allows us to derive the decay amplitude of meson decays from a meson
M to a final state F' according to

AM = F) = (F|He| M) ~ ZQ(MKFI@(M)IM), (4.1)

where (F|Q;(p)|M) are the hadronic matrix elements of local operators and C;(u) are
the Wilson coefficients. The proportionality represents the fact that as depending upon
the model it is useful to extract specific pre-factors, which in principle can also be ab-
sorbed in the Wilson coefficients.

Both matrix elements and Wilson coefficients are dependent on an arbitrary scale p
such that the full amplitude is independent of it. Note that when considering quan-
tum corrections there exists also a renormalisation scheme dependence with similar
behaviour. The hadronic matrix elements contain physics below ;1 and have to be eval-
uated by non-perturbative methods such as lattice calculations, hadronic sum rules,
chiral perturbation theory, heavy quark effective theory, just to mention a few. The
Wilson coefficients describing the physics above the scale i can be calculated perturba-
tively and they also include the new heavy particles through tree-level, box and penguin
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4 Intermezzo: General remarks about flavour observables

diagrams depending on the model and additionally QCD corrections. This perturba-
tivity is guaranteed as long as the scale p is not chosen too small, usually taken of
order of the mass of the decaying hadron. In the case of K decays, however, this scale
is taken to be slightly higher, around 2 GeV.

This so called separation of long-distance and short-distance contributions by a scale
i is then compactly described by the operator product expansion (OPE) [130, 131].
Furthermore the OPE allow a systematic classification of contributing operators. We
will elaborate on this in the following section.

Apart from the OPE there is another useful tool for handling effects of very different
scales like from the scale of the bound states (mesons) up to the scale of heavy NP par-
ticles: Large logarithms can be avoided by making use of the so called renormalisation
group improved perturbation theory when calculating the Wilson coefficients C'(p). A
detailed description of the these methods can be found in e.g. [129,132].

For NP effects it turns out that it is sometimes useful to evaluate both Wilson coeffi-
cients and hadronic matrix elements at a high scale. We will show this in detail when
considering particular models.

4.2. Meson anti-meson mixing

4.2.1. General AF = 2 operator basis

In this section we give a complete list of relevant operators for AF = 2 transi-
tions [52,133,134]. It is common to classify the operators by their chirality: we have
five classes of operators, in particular VLL, VRR, LR, SLL and SRR operators, where
we use the designations left-handed (L), right-handed (R), vector (V) and scalar (S).

Let us first consider K° — K° mixing. Depending on the model only a subset of these
operators describes the full basis, so we find it useful to divide these dimension-six
operators into two groups. The first group is given by

VHHK) = (8%, PLd®) (574" Prd?)
(K (5%7u Prd®) (5°4" Prd") ,
1K) = (5% Pud®) (579" Prd’)
SHK) = (8°Ppd¥)(s°Prd’) , (4.2)

and the second group is given by

QM(K) = (5°Ppd*)(s°Pd’),
QK) = (5%Prd®)(5°Prd’),
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SINK) = (%0, Ppd®) (8% Prd®)
QSP(K) = (5%0,,Prd®) (570" Prd®) (4.3)

where Py, g = 3(1F75) is as usual the chirality projection operator and o, = [y, 7.
Summation over the colour indices a and 3 is understood. In the SM just one operator,
namely Q)L appears. Extending the SM by RH currents according to the operator
approach of RHMFV, the basis of dimension-six operators can be described by the first
group in equation (4.2). Since in the LRM we extend the SM both by RH currents and
additional scalars in the Higgs sector, we also have to take into account operators of the
second group as given in equation (4.3). Note that we postpone the explicit comparison
of the operator structure of both models to section 7.1, after having discussed AF = 2
processes explicitly. Similarly, when considering Bg — BS mixing, where ¢ = d, s, the
operators for AB = 2 can be straightforwardly obtained from equations (4.2) and (4.3)
by switching the appropriate flavour indices, in particular by replacing s — band d — q.

In this notation the decay amplitude (4.1) for particle-antiparticle mixing for M — M
mixing (M = K, By, Bs) is modified to

AM — M) = (MIHG = M) ~ Y Cilpa) (M |Q (1) | M) (4.4)
where in RHMFYV the sum runs over all the operators in the first group with ¢ = 1, 2 and
a=VLL VRR, LR and in the LRM over the first and the second group < = 1,2 and
a=VLL VRR,LR,SLL,SRR. We will come back to the these effective Hamiltonians

for each model in a separate section, where we will also define the pre-factors. The
Wilson coefficients depend on the particular model and will be derived subsequently.

4.2.2. Collection of formulae for AF = 2 observables

We now summarise all AF = 2 observables relevant for the flavour phenomenology of
RHMFYV and the LRM. It should be stressed that a consistent result with the formulae
given below will only be obtained when using the standard phase convention for the
CKM matrix [135]. These formulae do not depend on the detailed structure of the
NP model and have already been successfully applied to various models, in particular
the Littlest Higgs model with T-parity [136], a Randall Sundrum model with custodial
protection [137] and the SM extended by a fourth generation [138].

Starting with K° — K° mixing amplitude, the NP contributions modify the off-diagonal
elements of the neutral K-meson mass matrix according to

2my (Miy)" = (K°He 2| K°) (4.5)
where the full mixing M{$ consists of a SM and NP contribution as given in the following

Mlg = (Mllg)SM + (Mllg)NP : (4.6)
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Hence, the NP part of the off-diagonal element is straightforwardly given by
2mp (M) p = (K| [HE =] o 1K°) - (4.7)

We will briefly describe the well known SM contribution (Mfg )SM in the following sec-
tion.

Now we have everything at hand in order to describe two well-measured observables of
the K° — K system, in particular the splitting between the two mass eigenstates, the
K and K¢ mass difference

AMy =2Re M5 + (AMg),p, , (4.8)

where (AMkg)rp is the unknown part from long-distance contributions. Further we
have the CP-violating parameter

Koe'¥e

£ _—
r \/E(AMK)exp

where ¢, = (43.51 £ 0.05)° and k. = 0.94 +0.02 [47,68]| includes effects from . # 7/4

and also takes into account the additional effects from long-distance contributions.

Im M, (4.9)

Considering now the B, — Bj, systems, the off-diagonal element of the mass matrix
is similarly given by

Mf2 - (M{IZ)SM + (MfQ)NP (4-10)

where ¢ = d, s. Further details about the SM contribution (Mle)SM are deferred to the
next section. It is convenient to rewrite the off-diagonal element M7, as [139]

My = (Miy)gy Cp,e*5 | (4.11)
where

(M1d2)SM = }(Mldz)SM‘ e*” (4.12)

(Mfz)SM = |(M152)SM| e ) (4.13)

and the phases § and [ are defined through the CKM elements in the following way
Via = |[Viale™ and Vi, = —|Vigle . (4.14)
The mass differences in the B — BY system is given by

AM, = 2| M| = (AM,)snC, (4.15)

Next we consider the time-dependent CP asymmetries of the decays B} — ¥ Kg and
BY — 1¢. They are special due to two reasons [140, 141]: first the final state is a CP
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eigenstate and second, a single decay mechanism dominates so that hadronic matrix
elements with their uncertainties drop out and direct CP violation vanishes. Thus

D(By(t) = f) = T(B(t) = f)
D(BY(t) = f) + T(B(t) = f)

= —sin ¢ sin(AM,t), (4.16)

where f on the left-hand side gives the final state depending on the decay, and ¢ =
2¢p — 2¢j, on the right-hand side describes the weak phase difference. Taking the
coefficients of sin(AMyt) and sin(AM,t) in the time dependent asymmetries in B} —
Y Kg and B? — ¢ respectively, yields

Syxs = sin(26 + 2¢p,) (4.17)

Spe = sin(2|8s] — 2¢p,) - (4.18)

These mixing induced CP asymmetries measure (5 + ¢p,) and (|5s| — ¢p,) in presence
of the new CP-violating phases ¢p, and ¢p, respectively, as opposed to the SM where
they measure 8 and ;. Thus they allow us to draw conclusions about the new the CP
violating phases entering in M{,. Note that the SM automatically yields ¢p ~ 0 for
these decays. This cannot be assumed in the LRM due to the presence of tree-level
corrections. However it turns out that these effects are negligible.

Finally, following the discussions of [136], we consider the width difference AT'; and the
semileptonic CP asymmetry Ad;, which are defined respectively as

Al, =T7 —T7 (4.19)

., D(B)—=("X)-T(B) = (" X)
Afy =L~ L (4.20)
D(BY = 0+ X) + (B — (- X)

The calculation of the theoretical predictions of both AT, and Al requires a diag-
onalisation of 2 x 2 Hamiltonian H = M — i['/2 of the Bg — Bg system in order to
determine the off-diagonal matrix elements M}, and I'], [141]. Further simplifications
can be made when neglecting O(mj/m}) terms, so that we can write

Fq
AT, = —AM, Re (M—lj> : (4.21)
12
AL =1 <—F?2 ) (4.22)
= 1m . .
* MY,

It should be mentioned that both observables are connected by a model-independent
correlation [142,143]. This correlation can be derived analytically within certain ap-
proximations which are accurate for large Sy,. However, since we investigate this
correlation numerically without further assumptions, we do not show the explicit for-
mula here. Furthermore, it is useful to extract the dependence of these observables on
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NP. Using equation (4.11), we obtain the following expressions for the width differences
AT, and the semileptonic CP-asymmetries Ad;

AL, _ (AMq)exp Re ( Dy )™ cos2om, |y (T )™ sin2em | oy
I I M, U, M7, CB, '
17, \ *M cos 205 17, \ "M sin 2pp
AL =1 2 * —Re | —= z. 4.24
ot " (Mlqz) CBq ‘ Mf2 CBq ( )

It should be mentioned that the calculation of both AT’y and Ad; requires the knowledge
of non-perturbative effects of the off-diagonal matrix element I'{,. For this reason we
use the results of [61,144|, which give the following values:

rd N\ SM s\ SM
Re <_12> = —(5.3+1.0) x 1073, Re <—12> =—(5.0£1.0) x 1073,
M, M,
(4.25)

rd \ SM s\ SM

Im( —2) =-(41+£06)x10"", Im(—2] =(19+0.3)x107°. (4.26)
M, M,

Also interesting from an experimental point of view is the like-sign dimuon charge

asymmetry of semi-leptonic decays of b-hadrons, which appears as a linear combination

of A% and A§; . The explicit coefficients and a more detailed description can be found
in [145].

4.2.3. SM contribution to AF = 2 processes

As the SM is the low-energy limit of any NP model, the main contribution for AF = 2
processes comes from the SM, while the NP contributions are small. Therefore, we
will briefly summarise the results for AF = 2 processes in the SM from [133|. These
explicit formulas will mainly become interesting when studying a full theory as it is the
case in the LRM, while in the effective approach of RHMFV we are mainly interested
in estimating the magnitudes of deviations from the SM contribution.

In the SM, particle anti-particle mixing is described by box diagram contributions with

internal W-boson and up-type quark exchanges. The effective Hamiltonian of AS = 2

is to a good approximation described by

G2
(M u = 4_7:;M5V [AZmSo(xe) + MPm2So(m4) + 2X M350 (e, )| x QY MH(K),

(4.27)

where \; = V;iV,, is given by the relevant CKM elements and the explicit form of the

one-loop box functions Sy(z;) and Sy(z;, x;) with z; = m? /M7, can be found in [129].

We have also collected them in appendix E. Short-distance QCD effects are governed

by the factors n; up to NLO level and can be found in [146-150]. Note that here we

have made the strong coupling dependent terms implicit as this dependence is absorbed
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in the renormalisation group invariant parameter By. Tt should be stressed again that
in the SM effective Hamiltonian only a single operator appears.

Evaluating the matrix elements using equation (4.5), we finally obtain the off-diagonal
element of the mass matrix
2
(M3) gy = 12;2 F2Brmue M [N2mSo(we) + A2naSo(@e) + 22X\ 0380 (e, 74)] -
(4.28)
with the K meson decay constant F and the K meson mass myg. We have collected
all relevant numerical input parameters in table 6.2.

In an analogous procedure one can derive the off-diagonal element of the mass matrix
in B, — B, mixing, we find

G? ~ ) 2
(Mo = 155, Br,ms, My [(A,ﬁq’ ) nBsow] , (4.29)
where )\Eq) = V3 Vig. In contrast to the K system now both charm and mixed top-charm

contributions are found to be negligible. Again, the relevant input parameters can be
found in table 6.2.

4.2.4. Comparison of SM and experimental values

In this section we want to compare the experimental situation to the SM prediction for
AF = 2 observables. We have already discussed the observables Sy, |ex| and Syk, in
section 2.1.1 and refer to that section for more details. Here we additionally give the
most recent experimental values for ¢, related to Syg.

We have already shown that the SM picture exhibits various tensions within certain
AF = 2 observables. However, these tensions can be moved to other observables
depending upon which inputs are chosen. In particular, performing a global fit of all
observables leads to a distinct picture distributing the tensions over various observables.

Now we briefly summarise the situation for the remaining observables discussed in this
thesis. Generally, experimental and SM values of the mass differences in AF' = 2 tran-
sitions are in quite good agreement with each other. While there is still room for NP
in By, — B&S mixing, in K° — K° mixing we only have information about the short-
distance contribution. Hence less accurate predictions can be made due to the large
uncertainties from the unknown long-distance part.

Finally, we take a look at the width difference AI', and the semileptonic CP asym-
metry A&, where detailed numbers are shown in table 4.1. Both observables suffer
from large uncertainties. The observable A% is particularly interesting, as it can be
measured with more precision than its components A, , as can be seen from table 4.1.
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Nevertheless, once experimental precision will improve, this class of observables might

help to constrain NP scenarios in the future.

observable experimental value SM prediction
¢s = —2(Bs + vB,) | € [—1.04,-0.04] (CDF [64]) -0.0363(17) 78]
—0.5510-38 (DO [65])
+0.13(18)(7) (LHCD [66])

S 0.011(37) [114] 0.0042(8) [61]
AT 0.075(35)(1) ps~* (CDF [64]) | 0.087(21) ps~! [61]
0.16313:9% ps=1 (DO [65])
0.123(29)(8) ps~* (LHCb [66])

Ad —0.12(52)% [145] —0.041(6)% [144]
Ag —1.8(11)% [145] 0.0019(3)% [144]
Al —0.79(20)% [145] —0.020(3)% [144]

Table 4.1.: Comparison of experimental bounds and SM expectation of several

AF = 2 observables related to B, 4 — Bs 4 mixing. The numbers in parentheses
indicate the uncertainty in the last digits.

4.3. Rare Kand B decays

4.3.1. AF = 1 operator basis for selected decays with RH
currents

We now briefly summarise necessary ingredients for the rare decay studies within this
thesis. Let us start again with collecting all contributing operators. The operator
structure of AF' = 1 processes is much richer for rare decays. A full list can be found
in [134]. Here we restrict ourselves to operators relevant for decays analysed in this
thesis. In RHMFV we consider only decays containing a lepton pair in the final state.
This is mainly due to the fact that the effective approach is only powerful in mak-
ing predictions for decays, which are relatively simple and restricted in their operator
structure. In the LRM we concentrate on the analysis of B — X;7.

First, we give the operator basis of the decay B, — pu*u~ (¢ = s,d) in the presence of
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RH currents, which reads

ot = (bey"qu) (AL yume)
Qﬁ}f = (be"qr) (BrVubir) |
QY = (br"qr) (AL yuir)
Q%{ = (BRVNQR)(,BR%MR)- (4.30)

We want to stress that this basis does not include scalar currents. This is justified
since this decay is only considered in RHMFV, where no scalar currents arise. When
building the effective Hamiltonian and subsequently evaluating the matrix elements for
the decay amplitude for B, — p*u~, the following simplifications can be made. The
quark and lepton parts can be separated and only the axial part contributes according
to

_ 1 - o 1,
(06, Pr,Lq|B®) = i§<0!bw%q\30> o Al Propl0) = £5 (| p0sul0)
(4.31)
We will come back to a detailed consideration in section 5.2.3.

For semileptonic decays with a neutrino pair in the final state, this basis simplifies
further

ol = (bpy"s)(pyvr),
Q= (br"sr)(PLyvL) (4.32)

where we have chosen the flavour basis for B — {X,, K, K*}vv decays. Recall that
in SM only the first operator exists. For K — wvv decays one only has to switch
to appropriate flavours, in particular making the replacements b — s and s — d in
equation (4.32).

A more complicated operator structure is obtained for the inclusive decay B — X 7.
The dipole operators characteristic for the decay B — X, are given by

Qry, = 16(;2 Mp5a 0" Prbo F,
/77 = 16€7r2 Mp5a 0" Prbo F,
Qsc = 1g;2mb§aUWPR apl8G
Qi = 12;2%5@0“"& “ bsGE, (4.33)

where the unprimed operators are already present in the SM. The operators Q7, and

7, originate from magnetic photon penguins. These are generated when keeping both
external b-quark masses and external momenta up to second order in the expansion
in the connected photon penguin vertex. Similarly, Qgss and Q% stem from magnetic
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4 Intermezzo: General remarks about flavour observables

gluon penguins.

We would like to emphasise that the renormalisation group analysis also involves
current-current and QCD-penguin operators which we have not shown here. Their
explicit form for the SM operators can be found in [129] where they are denoted as
Q1...Q¢. In the SM the two sets of operators (Q7,, Qsa) and (Q;...Qs) do not mix at
one-loop level under renormalisation group evolution. Hence in order to calculate the
leading mixing contribution one has to perform two-loop calculations. Consequently
for next-to-leading order precision a three-loop calculation is necessary. This mixing is
very important as it has significant impact on the resulting decay rate. In the LRM the
procedure of calculating the strong interaction corrections is even more involved [151]:
apart from the above mentioned operators two additional four-quark operators with
different chirality structure contribute. Furthermore all chirality flipped four-quark op-
erators have to be included, which increases the total number of operators to 20. The
full operator basis is presented in [151]. However in the final analysis only a subset
plays an important role. We will study further details below.

4.3.2. Comparison of SM and experimental values

In contrast to the mainly well measured AF = 2 observables, the experimental situ-
ation for rare decays is quite different. In most cases only upper bounds exist. The
predictions for various branching ratios in a NP model are important because these
may be confirmed or excluded by experiment. We have collected both experimental
and SM value in table 4.2.

observable experimental value SM prediction
Br(B, — utp™) | <33 (5.3) x 1078 [152,153] (3.240.2) x 1072 [138]
Br(Bg — putu™) <1x 1078 [152] (1.040.1) x 10710 [154]
Br(B — Kvv) < 1.4 x 1075 [155] (3.64 £ 0.47) x 107° [156-158]
Br(B — K*vi) < 8.0 x 1077 [159] (7.241.1) x 1075 [156-158|
Br(B — X,vv) < 6.4 x 107* [160] (2.740.2) x 1075 [156-158|
Br(Kp — mvi) < 6.7 x 1078 [161] (2.8 +0.6) x 10711 [162]
Br(K* — ntup) 17.37352 x 1071 [163] (8.5+£0.7) x 107 [162]
Br(B — X7) (3.55 4 0.26) x 10~* [164] (3.1540.23) x 10~* [165]

Table 4.2.: Comparison of experimental bounds and SM expectation of branching
ratios of rare K and B decays

For the decays Br(B, — p*p~), the bound of Br(Bs — pt ™) is already relatively close
to the SM predictions. In table 4.2 we have collected the 95% C.L. upper limits from
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CDF [152] and DO [153| (the measurements from the D0 experiment is given in paren-
theses). Improved measurements are expected in the future by LHCb. The By — putpu~
decay is the most promising as the sensitivity has to be increased only by one order
of magnitude. In table 4.2 we also show the SM predictions, extracted by using the
relation of Br(B, — p*p~) to AM, as described in [154] and with updated values [138].

Also promising are the rare K and B decays of the class with a neutrino pair in the fi-
nal state, as they are theoretically very clean. This is mainly because non-perturbative
contributions of both low energy QCD dynamics and photon exchanges are either elimi-
nated in inclusive decays or encoded in an efficient way in the hadronic matrix elements
in case of exclusive decays [158]. Even though the measurement of the branching ratios
is a big challenge, there is hope for future data from Super-B factories [166,167]. We
have collected experimental values and SM predictions for the decays considered in this
thesis in table 4.2. Here a comment is in order: the SM predictions for the decays
B — {X,, K, K*}vv contain only the short-distance contributions to these decays. As
described in [157] these can be derived by a special method where the reducible long-
distance effects are subtracted from the corresponding total rates.

We now mention the rare kaon decays K™ — ntvi and K; — 7% . In the SM they
are governed by Z penguins and box diagrams. These decays are theoretically very
clean due to the fact that the corresponding hadronic matrix elements can be extracted
from KT — 7Y% including isospin corrections [168]. The SM result is known up
to next-to-next-to-leading order (NNLO) level in QCD corrections [169]. Furthermore
it should be mentioned that in contrast to the CP conserving decay K™ — wtvi,
K; — mvv is affected by mixing-induced CP violation. Hence its measurement can
help to draw conclusions about NP contributions to CP violation [168,170]. While an
experimental value already exists for the branching ratio of K™ — 7", only an upper
bound for K; — 7% is available. This upper bound is still two orders of magnitude
above the SM value.

Among the rare decays the radiative decay B — X7 plays a very special role. As stated
already above, the SM calculation of the branching ratio for B — X7 is challenging
due to vanishing operator mixing under renormalisation at one-loop level. Since 2006
the authors of [165] provided a calculation including three-loop on-shell and four-loop
tadpole Feynman diagrams, the SM result is now known up to NNLO QCD correction.
Hence together with the measurements from Belle and BaBar at £, > 1.6 GeV, this
radiative decay provides now strong constraints on NP scenarios. Note that errors in
both the SM branching ratio and experimental value are already below 10%. Having the
SM value below the experimental one, models with NP providing a positive contribution
to the SM branching ratio are consequently favoured [170].
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5. Flavour phenomenology of
RHMFV

We now want to examine whether the new flavour mixing in RHMFV is consistent
with low energy observables from particle anti-particle mixing and rare decays of B
and K mesons. The specific model features of RHMFV were discussed in chapter 2,
where we fixed the RH mixing matrix for this framework. We will use the basic tools
for analysing flavour observables described in chapter 4. We will further constrain the
structure of the RH mixing matrix, study correlations of observables and examine the
impact on the anomalies collected in section 2.1.1.

5.1. AF = 2 observables in RHMFV

5.1.1. The effective AF = 2 Lagrangian of RHMFV

In this chapter we investigate the impact of RH currents on meson anti-meson mixing.
As indicated in section 2.3.4 in RHMFV, the NP effects enter through dimension-six
operators, contributing by means of an effective Lagrangian

[AF=2 _ CLRO% i CLR (6)

- A2 A2 LR > (51)

where the operators were already described in equations (2.26) and (2.27) and cgp and
crr are flavour-blind dimensionless coeflicients. The determination of the size of these
coefficients is one of the questions which we address below.

As indicated in section 4.2.1, we switch to the operator basis given in equation (4.2).
In RHMFYV four operators can be relevant, in particular QYLL , QYRR, QILR and QQLR.
Assuming a scale g, at which the NP is integrated out, the effective Hamiltonian for
the NP part is given by

- 1
HA 2 0m)) = 3 [C1V (i, M) QU+ CY ¥R (g, M) QYR
+CER (i, M) QFF + Cf R, M) Q5] (5.2

where pp = O(A) = O(1 TeV). We have neglected QCD corrections at that scale.
Furthermore, M stands for the meson system, in particular K and Bj 4, on which the
Wilson coefficients Cf with ¢« = 1,2 and @ = VLL,VRR, LR depend. At the scale
pr the Wilson coefficient C}L receives only NP contributions. Integrating out the W
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5 Flavour phenomenology of RHMFV

boson and the top quark leads to some additional effects from SM. As in RHMFV we
restrict ourselves to the dominant effects from the RH sector, represented by 055}% and
O(;% in (5.1). This coefficient will be set to be zero at this high scale. Similarly, we
impose a vanishing CF%.

5.1.2. Renormalisation group effects

In the next step we want to evolve (5.2) down to the low scale py. To this end we
study renormalisation group (RG) effects following [133]. The scale y;, depends on the
meson system in question and is usually chosen to be of the order of the meson mass.
To be specific, we have uy, = 2 GeV for K system and puyp = up = 4.6 GeV for the B,
and B,. Each of the operators Q)% QYR QL and QLT behaves differently under
this evolution: The first two operators are easy to handle. Q‘I/LL renormalises under
QCD independently of other operators, as does Q} #f. In fact the RG running gives
the same contribution to both their Wilson coefficients as QCD is not sensitive to the
sign of 5. Furthermore, the RG evolution of the SM and the NP part contributing
to QYL can be considered separately. The other two operators QM and QL% form a
two by two system and mix under renormalisation. Note that the coefficient of QL%
vanishes at high scale at the leading order (LO) renormalisation analysis but exists at
next-to-leading order (NLO) level and is generally O(as(ugr)).

The prescribed procedure is a well known technique. However, here we benefit from an
additional simplification: We evaluate the hadronic matrix elements of equation (4.7)
using the Wilson coefficients C#(ugr, M) of the meson system M = K, By, B, at the
high scale ug according to

[ a 2 a
(K°|Q} (nr, K)| K%)= gmiFf(Pi (K), (5.3)
D a 2 a
(By|Qi (11r, By)| By) = gm%qFéqPi (By) (5.4)

The coefficients P?#(M) compactly encode all RG flow effects from scales below pp and
capture the long distance effects of hadronic matrix elements. It transparently displays
short distance NP effects as opposed to the complicated QCD effects. Analytic formu-
lae for P#(M) factors have been presented in [133]. These expressions explicitly display
the dependence on RG QCD factors and non-perturbative parameters B{(uz,), where
1, is the above described low energy scale. More details about the explicit calculation
of the B{(11,) parameters are presented in [49].

Here two comments are in order: The LR operators are known to have a sizable impact
on NP effects due to their enhancement under RG evolution. In the case of K°-K°
mixing one also has to take the chiral enhancement of the hadronic matrix elements
into account.
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5.1.3. Wilson coefficients and first statements about
right-handed contributions to flavour mixing

From the statements made above we now know that it is necessary to find the Wilson

coefficients C{ at high scale. They can be easily deduced from matching our effective

RHMFV Lagrangian (5.1) to the effective Hamiltonian in the general basis given in
(5.2). We collect here our results for K, By and By system.

First the Wilson coefficients for the K system read

C/ (i, K) = 0,

O™, K) = e [(To)i,(Tohe] 5 — ERyteX 44D (@057
CH(ur, K) = —coryte @ DViVia(Vo)i,(Volia = _CLTRyfei((ﬁg*d’f)(Wﬁwd)(élzgw)’
CER (i, K) = 0. (5:5)

It should be mentioned that when evaluating the Yukawas according to equation (2.20)
the phase dependence appears through

ViV = 0D (V)5:(Vo)ss (5.6)
while for V, we have made use of equation (2.77) as described in chapter 2.4.
Similarly we obtain the non-vanishing Wilson coefficients of the B, ; systems
CY " (1R, By) = —cppye® @9 [(%)Ib(%)tqr ;
ClLR(MR’ By) = —CLRyfei(¢g7¢g)Vtzvtq(%):b(%)tq : (5.7)

Inserting the particular structure of the RH mixing matrix yields

_CRR 4 2i(05-0) 2

CYRR(:URde) ~ 4 €12,
C ; ~
CH(pur, Ba) = Foryte ViV (5.8)

and

CRR (dd—pd) ~
OV (un, By) o — R yp o 2,

CLR

9 Y SV, Sy | (5.9)

CILR<IUR7 BS) ~ +
where the sign F appears due to (2.77).

We are now able to draw first conclusions about the flavour structure of our model. It
should be noted that cgr and ¢ r are flavour-blind and hence enter universally in the K,
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Mixing term K-mixing Bj-mixing Bs-mixing
s—d b—d b—s
‘7;‘7@ %51251261'((1’37#) i%512€i(¢gf¢f) jI%t§12€i(¢gf¢g)

Table 5.1.: Structures of flavour mixing in the RH sector contributing to particle
anti-particle mixing for the parametrisation VO(H) as given in equation (2.77).

By and By system. Therefore, the full flavour dependence is encoded in the RH mixing
matrix. To this end it is sufficient to consider how this matrix manifests itself in the
various processes as summarised in table 5.1. We recognise a non-universal structure
with the observables in K-mixing, B; mixing and B,-mixing which are dominated by
C12512, C12 and §1o, respectively. The strong constraints on the K system, mainly by e,
point towards either a small ¢35 or Si5 unless cgrr and cpr are very small. Due to the
enhanced value of Sy, measured by CDF [56] and DO [57] collaborations', we assume
large CP-violating effects in B,-mixing. Hence we choose §15 to be large, which then
in combination with €x automatically implies negligible effects in B; mixing. Roughly,
the RH mixing matrix appears with the following structure

0 Y2 2

~ 2 2
‘VON 10 0 |, (5.10)

0 2 &2

2 2

where the zero entries should not be understood as exact zeros. Note that there are
additional phases from the diagonal matrices shown in equation (2.29).

We do not want to make such a rough approximation, but the above arguments make
clear that assuming ¢;5 < 1 and hence §15 &~ 1 is natural. In this limit the non-vanishing
Wilson coefficients relevant for K°-K° mixing simplify to

C ; -
CY M, K)o —=yletvhat

~ 4 6127
c . eer -
Ci(ur, K) = —%yfemgl‘@s%dclm (5.11)

where we have introduced the notation ¢4, = (¢¢ — ¢¢). No further simplifications
occur in the By sector. For the B, system we can trivially write

2

CRR s ad
CY ™ (ug, By) =~ —Tyfem% ;

C Y p—
CILR(IUR7BS) ~ :F%yfe“%g tb‘/;fsa (512)

where we have also defined the compact notation ¢, = (¢4 — ¢¢) for the B system.

! These earlier measurements served as a motivation for this analysis, recent measurements from LHCb
seem to favour lower values of Sy,. Higher statistics are needed to provide a firm conclusion.
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We briefly mention how the structure of the Wilson coefficients changes with the second
ansatz 170111). Bearing in mind that ¢;3 < 1 in this ansatz, we list the structure of flavour
mixing in RH sector in table 5.2. A comparison with table 5.1 shows that in the K
system we only expect a change of a factor of two. In B&S — B&S mixing the effects are
automatically small. Therefore this ansatz is phenomenologically less appealing and
we only pursue the ansatz ‘70(11) in the following.

Mixing term

K-mixing

s—d

Bg-mixing

b—d

Bs-mixing

b— s

ViV

G198 1061 (95 —41)

PTIt ad

§12613€ (=99

Table 5.2.: Structures of flavour mixing in the RH sector contributing to particle
anti-particle mixing for the parametrisation VO(HI) as given in equation (2.78).

5.1.4. K°-K° mixing

We now take a closer look at K; — Kg mass difference, AMp, and the CP-violating
parameter €. To this end we evaluate the off-diagonal element ME of the neutral
K-meson mass matrix according to equation (4.7) and make use of our effective Hamil-
tonian given in equations (5.2) and (5.3). We find

1
(M{3)p = mmKFIQ( : [(CY“(uR, K)+ CYT (g, K)) P/Y(K)
+CE un, K)PER(EO)| T (5.13)
where
PYH(K) =050,  PMY(K) =~ —52. (5.14)

These values are derived from the analytic formulae of [133], setting the matching scale
to ugp = 1.5 TeV, and taking the hadronic matrix elements from [171]|. All necessary
numerical values are collected in table 5.3.

Inserting the Wilson coefficients from equation (5.11) and using the formulae for AMg
and ex given in equations (4.8) and (4.9) respectively, we get

(AMg)rr = (AMg)exp X [—2.5 X 10* X crpéi cos(2¢4;)
N 3 TeV)?
—1.7 x 10* x cppér2 cos(¢f, — B+ fs)] % . (5.15)
(ex)rn = |exlep €9 X [3.7 X 10° X cgpi?, sin(2¢3, )
o 3 TeV)?
+2.5 x 10° X ¢ plo sm(gbgl — B+ BS)} (/\—2> . (5.16)
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parameter ‘ value H parameter ‘ value ‘
Fk (155.8 £ 1.7) MeV [94] | AMk (5.292 £+ 0.009) x 10 3ps~! [74]
Fg, (192.8 +£9.9) MeV [94] | AM, (0.507 £ 0.005) ps~* [79]

Fpg, (238.8 +9.5) MeV [94] | AM; (17.77 £0.12) ps~t [79]

Bxk 0.725 4 0.026 [94] \ 140.06 [172]

BBd 1.26 £ 0.11 [94] |Vid| (8.340.5) x 1073 [172]

Bp, 1.33 4 0.06 [94] Vil 0.040 £ 0.003 [172]

My 0.497614 GeV [74] sin(20s) 0.038 £ 0.003 [172]

Mgp, 5.2795 GeV [74] 0 1.09 £ 0.12 [172]

Mgp, 5.3664 GeV [74] ent (2.229 +0.01) x 1073 [74]

my () (163.5 + 1.7) GeV [173] SZ;}?S 0.672 £ 0.023 [79]

Table 5.3.: Numerical input parameters for AF = 2 observables.

while for numerical values we have again used table 5.3. We have used the usual
convention for the phases g and f;, in particular

Via = |[Viale™  and Vi, = —|Vigle . (5.17)

It turns out that the RH contribution can be significant, independent of the size of the
new CP-violating phase ¢4, and strongly constrains other parameters as shown below.
Setting ¢4, to zero we obtain

Crr Cly < 2.0x107%, from  (AMg)ra < 0.5(AMg)ep ,  (5.18)
cLr €12 < 1.0x 1076, from |5K’RH < O~1’€K‘SM . (519)

When we turn on the phase ¢4, the bound on cgré?, becomes stronger while the bound
on c1,zrC12 can be weakened down to 3 x 10~*. However, this is fine-tuned scenario where
new phase ¢%, and the CKM phase of V;%V;; exactly cancel each other.

5.1.5. ngs — Bg,s mixing

We now turn to B} — BY and B? — B? mixing. Since the derivation is completely analo-
gous to the K%~ K mixing, we just summarise the results here. The NP contribution of
the off-diagonal element M7, with ¢ = d, s for the corresponding mass matrix is given
by

1
(Mio)xe = gz Fh, | (OF " urs B) + OF ™y, B)) PYHH(B)
+C B)PlLR(B)} , (5.20)

with
PYH(B) =~ 0.70, PHY(B) ~ -3.2, (5.21)
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where we have used the above stated procedure with a matching scale of ug = 1.5 TeV.
Adding the SM and NP part as shown in (4.10), we thus obtain

(Mib)swrmn = (Mi)sw x |1+

. : 3 TeV)?
—6.1 x 10> X cppiae 250 £ 4.7 x 10 x cLRélge—W?ﬁﬁ)) (/\—";) ] (5.22)

(M7y)smirn = (M75)sm X [1 +

(3 Tev)” ] . (5.23)

(—2.5 x 102 x cppe2(®5218) £0.9 x 10? x CLRe—zwggws)) ( N

Taking into account the bounds on cgré?, and cppéip from in (5.18) and (5.19), we
realise that the kaon bounds imply, as already anticipated in our early analysis above,
negligible effects in B; mixing. In the B, system larger effects are possible, especially
when cgrpr g are in the 107°-1072 range and ¢;2 is small enough to satisfy the kaon
bounds. We obtained these results under the assumption of a large non-standard Sy.
This will be elaborated on in more detail in the following section. However, it should be
briefly stated that new experimental input lowering the effects in the B, system would
imply bigger effects in B; mixing within RHMFV.

5.1.6. Combined fit of ex and B; mixing

For a more detailed analysis we now consider the constraints from x and By mixing
simultaneously. As before we want to assume a large Sy, then

(AMs>exp

B ~ 0062015 and  Spy~ 0.6+0.3. (5.24)

These two conditions for By mixing allow us to set up a system of two equations which
can be solved. One obtains conditions for coupling coefficients and phases, which we
will apply later in the analysis of rare decays.

For example, assuming the RR operator in (5.23) to be dominant (cgrr > cpr), we
obtain

(AMS)eXp _ (AMS)SM-i-RH

- = |1 —2.6 x 10% x crpe 2% 5.25
(AM;)sm (AM;)sm ‘ i (5.25)
2.6 x 102 x in(2¢4
Sps = — crrsin(205) (5.26)
|1 — 2.6 x 102 x cppe™ 29|
The solutions for this case are given by
crr ~ £7.3x 107 and sin(26%) ~ F0.30 ,
crr~ £23x 107 and sin(2¢%) ~ F0.95 . (5.27)
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operator size of coefficient suppression
RH charged current | O(1) tree-level
AF =2 1/(1672) ~ 6 x 1072 | loop

Table 5.4.: Size of coefficients and level of suppression for different observables.

We obtain coupling coefficients of O(1073) which are substantially lower than the O(1)
Wilson coefficients determined from charged-currents. Naively the small value of crp
does not seem natural, however this can be understood from the fact that AF = 2
operators are loop-suppressed with respect to charged current operators. This is sum-
marised in table 5.4.

Now we want to investigate whether these solutions for the B mixing parameters also
satisfy the kaon bounds. As we will show in detail in the following section, ek does not
require contributions from new CP-violating phases within RHMFV in order to attain
a better agreement with the experimental value than the SM. However, there is still
room for an extra contribution for NP in equation (5.16) since theoretical errors allow
for ~ +10% variation of the SM amplitude. For this condition we find using equation
(5.27),

|E1o] sin(2¢2)[Y? < 1.9 x 1073, for |cgp| = 7.3 x 1073 |
|C1o|| sin(209))|Y? < 3.4 x 1072, for |cgr| ~ 2.3 x 1072 . (5.28)

Even though these values are small this does not imply that they are fine-tuned. One
can see that a CP-violating phase of O(1071) corresponds to a maximal mixing angle

¢12 of O(1072), which is still larger than |V,| in the CKM matrix.

When the LR operator provides the dominant contribution (cgr < cpg) to Bs mixing,
more fine-tuning is required due to the large chiral enhancement of the left-right op-
erator in €x. This can be seen easily if we repeat the derivations from above for this
case. The two conditions on B, mixing then read

cor~ 4+2.0x 1072 and sin(2¢%,) ~ F0.30 ,

cor~ 406 x 1072 and  sin(2¢%,) ~ F0.95 , (5.29)
thus leading to
|E1osin(¢d, — B+ Bs)] <0.2x107*,  for |cpgr| ~ 2.0 x 1072,
|Erasin(¢d, — B4 Bs)] < 0.6 x 107* | for |cpp| = 0.6 x 1072 . (5.30)

This clearly shows that a more stringent bound is obtained compared to equation (5.28).

5.1.7. Effects due to sin(23) enhancement

Let us take a closer look at ex. As RH currents favour the inclusive determination giving
the “true” |V, one can immediately see that the value for sin(28)}M obtained is sub-

stantially higher than the corresponding result obtained in the SM, where the inclusive
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and exclusive determinations of |V,,;| are averaged. In particular, following [172] we ob-
tain sin(26)}L = 0.7740.05 while the SM value reads sin(23)2M = 0.7344+0.034 [172].
It follows that due to the sin(2/3) enhancement, the tension between the experimen-
tal value of i and its prediction within the SM is automatically resolved within our

framework.

However, as the NP contribution to By mixing is constrained to be negligible, we expect
Sy to be significantly larger than the experimental value Sy = 0.672 4 0.023 [79).
As a result the existing tension between these two values increases. Our result is about
20 larger than the measured value. This means that Syx, cannot be solved by RH
currents alone in this framework. However, a significantly lower measured value of Sy,
might allow effects in By mixing. This could then lead to a large enough new phase g,
in B, mixing, contributing to Syk, according to equation (4.17), to ease the tension.

5.2. AF =1 observables in RHMFV

5.2.1. The effective AF = 1 Lagrangian of RHMFV

After having studied the details of RHMFV contributions to AF = 2 processes, we
now consider the extent to which RHMFV manifests itself within AF = 1 processes.
Once more we start with the effective Lagrangian containing the operators of equation
(2.28), which we classified in section 2.3.5. The AF = 1 effective Lagrangian then
simply reads

- CR CR
[,AF 1 _ Z1 O Z2 O

A2 Rz A2 Rzo - (531)

The flavour blind coefficients cg,, and cg,, encode the high energy dynamics which
can arise e.g. within a left-right symmetric framework via a heavy Z R boson Note
that due to the insertion of Yukawa matrices (Y,!Y,,);; in the operators O ,, and O

a special flavour structure is selected.

The new dimension six operators generate an effective JEv“d{zZu coupling, leading
to the main contributions to AF = 1 processes. This effective coupling arises after
electroweak symmetry breaking and has the following form:

2
g v (Cry +2cr S Tr N\ T g
£l = - Lk £20) G iy 7, (5.32)

where we henceforth make use of the compact notation ¢y = cos Oy and sy = sin Oyy.

In order to clarify the notation convention, we provide the full effective couplings of
the Z boson to down-type quarks

L% = - ( g7 diAtd + g dgy"dy) Z,, . (5.33)
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The LH coupling gf is only determined by the SM, and is given by

(¢9)su = (—1 1l ) Syt LV Colw) . m= T (530
I = w | Y ti ’ - ' '
2 3 7 8n2 ! myy

where Cy(z;) describes the Z vertex function arising from the one loop penguin diagram
in the 't Hooft-Feynman gauge and can be found in [132]. The RH coupling consists of
both SM and new RH contribution

g1 = (g)sm + (Ag) rir (5.35)
where
ij L,
(9p)sm = §SW§U ) (5.36)
i vi(Cry, + 2CR,) 9rus
(AgP)re = — ( RZ2A2 fiz >yt2Vtinj . (5.37)

As it turns out it will be useful to introduce an effective coupling written as

(3 TeV)?
Az

eff

Czp = (CRZ1 + QCRZQ) (538)

Since cg,, = O(1), for A = 3 TeV this effective coupling is O(1), hence guaranteeing a
transparent description.

5.2.2. Effective Hamiltonians of rare K and B decays

Now we are prepared to collect the effective Hamiltonians relevant for the decays to be

considered. We concentrate on decays with a lepton pair in the final state, in particular
Bsg— ptp~, B — {X,, K, K*}vv and K — mvw.

The effective Hamiltonian for Bs 4 — p*u~ reads

4Grp « . - _ = _
Hest = _TQFW wVig [Yor (o an)(fpvums) + Yir(0rv"qr) (Rryuir)
W

+Yr(brY"qr) (L vubr) + Yer(OrY qr) (Aryuir)] 5 (5.39)

where ¢ = d,s. Note that the full basis of operators mentioned in equation (4.30)
appears, while in the SM only the first two operators contribute. Hence, the SM limit
is given by Yy, — Yir = Yo(2y) and Yrg = Yrr = 0. In case of RHMFV, the new
RH contributions only affect Yz, and Yzrr. These can be derived using the effective
coupling from equation (5.32). We obtain

ViVig
ViVig

ViVig

Yrr — Yrr = —T Yre + Yrr = _(1 - 45124/) T * )
Vit Vig

(5.40)
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where we have introduced

4rvPy? me(my) \° g
T = (CR21 + 26322) 2A2 = (0.55 X m Czp - (541)

As the vy fields are assumed to be heavy enough to not contribute to the decay B —
{X;, K, K*}vp, the construction of the effective Hamiltonian turns out to be simpler.
We have

Heg = —= wVis ¥ [X1p(Bs)(br*sp) + Xri(Bs)(bry*sr)] x (vpyovr), (5.42)
V2 27siy
where .
Vi
Xpp(By) = —T -1 5.43
re(Bs) AR (5.43)

Again, let us compare to the SM, where Xz, = 0 and X, = Xgy = 1.46440.041 [169].

In case of K — 7vv we similarly obtain

4G «Q
Het = fz ViVia X [Xpo(K)(5:7"dy) + Xan(K)(5ay"dr)] x (7ryvs), (5.44)
with o
ViVia
Xp(K) = —T st 5.45
ro(K) v (5.45)

Note that we only show the leading top-quark contribution for simplicity. While in
K; — 7% the charm contributions can be safely neglected, we include them in our
phenomenological analysis of KT — 7t vw.

5.2.3. Bsg— putu”

We now examine the decays Bs 4 — putp~. To this end we evaluate the matrix elements
as described in section 4.3.1. Separating the quark and leptonic parts according to
equation (4.31) we note that the branching ratio, obtained from the effective Lagrangian
(5.39), can be deduced from the SM one (see for example [154]) without repeating the
full derivation. Only the following replacement has to be made:

}/O(Jit) — Y, +Yrr — Yrr — YR = Y . (546)
The final result can then be written as

«

Br(B, = (T(7) = T(BS)G—% (

2
) Pty 142 r V2 Yil?, (5,47
T

2
4dm sy,
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while for Br(B; — ¢7¢~) one has to substitute s — d.

We now turn to the derivation of further constraints on the flavour structure of the
RH mixing matrix and the effective coupling ¢ ., from the B; 4 — ,u I decays. Using
the RH mixing matrix shown in equation (2. 77) we can insert V;b\/}d ~ j:clge’%l/ 2

and thvts ~ 4§ p,ei%5 /2 into equation (5.40) and then use the result to find the two
branching ratios normalised to the SM ones:

. 2
Br(B, — (*07) = Br(B, — ("0 )su ]1 T 7.8 x G106

, 2
BI‘(Bd — £+£_) = BI"(Bd — €+€_)SM ‘1 + 37 x 51261¢§1 Cer;‘ . (548)
These two branching ratios only depend on four parameters.

Using both SM values and experimental limits for the branching ratios, as given in
table 4.2, it is easy to verify that under maximal interference with the SM the following
bounds hold:

51265 | <054, [éracy | < 0.30. (5.49)

From this a very interesting conclusion can be drawn: combining the two bounds in
equation (5.49), we obtain the following constraint

et | < 0.62, (5.50)

independent of ¢;5. We will make use of this result below in the course of our further
analysis.

Since a measurement of the branching ratio Br(B; — p* ™) in the upcoming years is
likely, it is interesting to ask about its maximal enhancement. It is possible to further
constrain the flavour structure by considering the bounds from Br(B; ; — X (7¢7) [158,
174]. Using the results from [158] we can deduce

ViV,
T i 1.07 5.51
at the 90% C.L. level and hence
|S12¢5 | < 0.15 . (5.52)

This bound is stronger than the one obtained from equation (5.49) and therefore has
impact on the maximal possible enhancement of Br(B;, — p™u~). Together with
equation (5.48) we find that the maximal enhancement in Br(Bs — ptp™) over its
SM value is not expected to exceed a factor of 5. It follows that the constraint from
Br(Bs — X (1¢7) precludes Br(Bs — pp~) near the present experimental bound.
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For Br(Bs — pu*u~), the deviations can still be O(1), but do not reach the exper-
imental bound. Additionally, they then push the effects in Br(B; — putpu™) to be
very small. Hence in case of an O(1) enhancement in Br(Bs — putp~) compared
to the SM, RHMFV clearly predicts no visible deviations compared to the SM in
Br(B; — ptp~). Under the assumption of a large Sy, where §15 &~ 1 and é;5 < 1072,
effects in Br(By — ptp~) are completely negligible.

5.2.4. B — {X,, K, K*}ui

Right-handed currents in the decays B — { X, K, K* }vv have been studied extensively
in the past. We can apply the results of the general studies of [158,174] in our present
approach. In particular, following [158], the branching ratios of the B — { X, K, K*}vv
decays can be expressed in terms of two additional parameters:

Br(B — Kvi) = Br(B — Kvb)gy x [1 —2n] €, (5.53)
Br(B — K*vv) = Br(B — K*up)gy x [1 + 1.315] €, (5.54)
Br(B — X,wv) = Br(B — X,wi)su x [140.097] €, (5.55)

where the new variables encode the NP part [175,176]. The SM branching ratios can
be found in table (4.2). In our model, using the effective Hamiltonian (5.42), we obtain
2 X + [ Xa? p— R (XL XRL)
D6 [ Xeo? + [ Xeel

(5.56)

Note that we have suppressed the reference to the B, system in our notation of the
functions Xy rr. As RHMFV only considers the corrections in the RH sector, we
restrict ourselves to the Xpgy, function. Inserting Xpy from equation (5.43), as a result
we obtain

-~ 2
62 - 1 + 32 ‘/té‘/;‘/s
Xg (@) | VipVis

T R XZZXZS 4.7 X 519 cos(¢§2)cezi
= e ~ .

T eX(r)  \ ViV, 14221 |51 2

~ 14221 % |81268 7 (5.57)

(5.58)

At this stage we want to stress that the expressions of the branching ratios in equa-
tions (5.53)—(5.55) describe only the short-distance contributions as already mentioned
in section 4.3.2.

Now we are ready to draw various interesting conclusions. Firstly, we take a look at the
maximal possible enhancement. Assuming the bound on 315¢S! in equation (5.52), the
branching ratios of the exclusive decays B — { K, K*}v can be enhanced by more than
a factor of two over the corresponding SM value. In the inclusive mode, B — X vv, the
effects are smaller and maximally a 50% enhancement can be reached. Overall a similar
pattern compared to that from the determination of |V,;| in section 2.4.2 describes all
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Figure 5.1.: Correlation between Br(B — Kvv) and Br(B — K*vv) in RHMFV. The
blue and the orange band correspond to |sin(2¢4,)| = 0.95 and |sin(2¢,)| = 0.30,
respectively. The black dot represents the SM value.

three decays B — { X, K, K*}vv.

Further, we can study the effect of a large Sys. As we mentioned in section 5.1.6, Sy
can help to reduce the uncertainty on the CP-violating phase ¢%,. Now we will make
use of this fact and consider in figure 5.1 the correlation between Br(B — Kvv) and
Br(B — K*vv). We show two bands corresponding to the values of equation (5.27), a
blue band for |sin(2¢%,)| = 0.95 and an orange band for |sin(2¢%,)| = 0.30. These two
bands are almost indistinguishable. We observe a clear anti-correlation which can be
seen as prediction of the RHMFV model. Both branching ratios can individually - but
not together - be enhanced by more than a factor of two over the SM value, which is
shown as a black dot with the corresponding error bars. It is worth mentioning that
the two possible values of |sin(2¢%,)| are independent of the operator dominating Sy

It would also be interesting to study the correlation between Br(B — K{¢*¢~) and
Br(B — K*¢(*{~). However, additional operators contribute in this case. Consequently,
the correlation is expected to be less clean and our approximation of considering only
the two AF = 1 operators of equation (2.28) might also not be sufficient. This analysis
is beyond the scope of this thesis.
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5.25. K — wvo

Next we want to examine the K — mvv decays. The branching ratios under inclusion
of the RH effects can be written as [162,168,177-179]

ImXeg X, ?
Br(K+ — 7tup) = k) [(%) (Rex) f_p - 6Pc,u> , (5.59)
ImX,
Br(K; — nvi) = kg ( m)\B ﬁ) : (5.60)

where A = |Vi|, k1 = (5.1734+0.025) x 10711(A/0.225)® [179] and x; = (2.2940.03) X
10719()\/0.225)® [168]. For the K+ — w"vi mode one needs additional dimension-
six charm quark corrections and subleading long-distance effects are summarised in
P. = 0.372 £ 0.015 [162,169, 177] and §F., = 0.04 £ 0.02 [178], respectively. The
function X.g, given by

Xeg = VigVia(Xrr + Xre) (5.61)

is connected to the effective Hamiltonian in (5.44) and Xpg; explicitly is shown in
equation (5.45). It turns out that it is useful to rewrite Xog so that the SM part can
be factorised. Then it has the following form

Xeg = V' VigXam (1 + £€') (5.62)

where Xgy = 1.464 + 0.041 [169] and ¢ and 6 are real parameters which yield the SM
amplitude in the zero limit. It is easy to verify that these parameters are given by

T ViV |
—— 5 5.6 X 10% X 98y0e/ PRI

i
e = —
¢ Xsm VisVia "

(5.63)
Considering these results it is clear that the RH contributions can cause large effects,
and the bound from in equation (5.52) still leaves room for sizable new contributions.
However, as flavour parameters are also correlated with AF = 2 observables, we note
that the situation is more constrained. This is mainly due to the restriction on ¢;5 and
¢%, after imposing a large non-standard Sy, taking the e constraint into account, as
demonstrated in section 5.1.6.

We now analyse in detail the pattern obtained for the correlations between Br(K+ —
ntvr) and Br(K, — 7°v), imposing the constraints from ex and Sy,. This correla-
tion is shown in figure 5.2. The dashed line gives the model-independent Grossman-Nir
bound [180]. We also show the experimental range for Br(K+t — 7tvw) [163] in the
vertical band, while for Br(K; — n%v7) only an upper bound exists. The black cross
represents the SM prediction with its 1o error. We have listed all details about the
data and SM prediction in table 4.2.

Depending on which operator dominates Sy, we obtain a different correlation due to
different conditions on the phases:
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3.0F° il

2.5} ;

Br(K; »n’vv) x 101°

0.0 0.5 1.0 15 2.0 2.5 3.0
Br(Kt—ntvi) x 1010

Figure 5.2.: Correlations between Br(K* — mvi) and Br(K; — 7°v) taking into
account the €x constraint. The red and the green points correspond to a negligible or
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dominant contribution from the operator QL% respectively. The dashed line
represents the Grossman-Nir bound [180]. The vertical band gives the 1o
experimental region and the SM prediction is given by a black cross.

1. First we consider the case with a dominant cgg, shown in red points in figure 5.2.

Here, the combined fit of e and Sy, yields condition (5.28), which we have taken
into account. It turns out that O(1) deviations from the SM are still possible in
both decays. With larger deviations in only one of the branching ratios shown
in figure 5.2, we end up in a more fine-tuned scenario. The phase of ¢¢, has to
be tuned in order to satisfy the ex constraint. As noted by [181], this structure
is characteristic of all NP frameworks where the phase in AS = 2 amplitudes is
the square of the CP-violating phase in AS = 1 FCNC amplitudes. For example,
this is the case in the Littlest Higgs model with T" parity [182].

2. Assuming now cpr to be dominant, the bound on the combination of ¢;» and

#%, in equation (5.30) is more stringent. Following from that it is not surprising
that the correlation shown in figure 5.2 in green points, also turns out to be more
constrained. Sizable deviations can only take place if the phase ¢, is tuned in
the way such that sin(¢%, — 3 + ;) ~ 0, which makes the bounds in equation
(5.30) is less effective.
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Finally, we want to stress that the driving force for the specific structure of the corre-
lation in figure 5.2 is mainly determined from the i constraint. So, even lowering the
value for Sy, the pattern of correlation remains intact.

5.2.6. Analysis of Z — bb

Finally, we take a look at Z — bb. The current experimental results are extracted from
a global fit of electroweak data collected by the LEP and the SLD experiments [183],
where

(0P)exp = —0.4182+0.0015 , (5.64)
(99)exp = +0.0962 % 0.0063 . (5.65)

It is well known that the LH coupling is in good agreement with the SM expectation.
However, in the RH sector there is a large discrepancy between experimental data and
SM prediction, which reads

(AgR)exp = (97 )exp — (g1)sm = (1.9 £0.6) x 1072 . (5.66)

In principle RHMFV has room to explain this discrepancy. In RHMFV the numerical
values derived from the coupling in equation (5.37) is

(AgR)rr ~ —0.15 x 1072 x ¢ (5.67)

where we have taken |Vj|2 &~ 1/2 from the results of the global fit of the RH mixing
matrix of equation (2.77). Clearly for ¢fl = O(1) the value of equation (5.67) is one
order of magnitude too small in order to explain the discrepancy from equation (5.66).

In principle, there is still room for RHMFV effects if we lower the scale of NP to
A =1 TeV and keep cp,,, Cr,, = O(1), so that ¢! will increase. Taking into account
the bound on cer; from Bsq — ptp~ decays given in (5.50), we find that there is 1no
room for raising the value of cer;. Hence, we conclude that the anomalous Z — bb
cannot be explained within our framework.

71






6. Flavour phenomenology and
numerical analysis of the LRM

We have seen in the previous chapter that the effective theory approach of RHMFV al-
lows us to establish specific correlations. However under the assumption of a large Sy
some tension between the ex and Syx, flavour observables remains. We now turn to
a detailed analysis of the flavour phenomenology of the second model discussed within
this thesis, the LRM. The study of flavour anomalies laid out in section 2.1.1, will be
part of the discussion.

In chapter 3 we already got familiar with the most general setup of the LRM. Now,
in this chapter we collect all formulae necessary for our analysis of AF = 2 flavour
observables and the decay B — X7, followed by a comprehensive numerical analysis.
The goal of this analysis is to obtain a complete picture of the interplay of these
observables, manifested in the structure of the RH mixing matrix V# whose form
we study in detail. Taking into account all relevant constraints simultaneously we
investigate if the LRM is a realistic scenario for masses of the heavy gauge boson Wg
in reach of the LHC. Further emphasis will be put on the study of the impact of the
heavy Higgs fields on flavour observables.

6.1. AF = 2 observables in the LRM

6.1.1. The effective Hamiltonian of the LRM

Before we start with a detailed description of AF' = 2 observables in the LRM, it
should be stressed that these were the subject of various previous studies in this class
of models [36,38,39,96, 102,104, 184-190]. We provide new insights such as the role of
the heavy Higgs fields without making further restrictions on the electroweak param-
eter s, except those required by electroweak precision observables. Furthermore these
observables will be part of a global and very general analysis instead of focusing on
finding bounds on masses of the heavy particles as mainly done in the literature.

The starting point of our analysis is once again the effective Hamiltonian for AF = 2
transitions, generally given by

_, GEMj
Ml ™ =~ 2 GnQi, (6.1)
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with Wilson coefficients and operators introduced in chapter 4. It is convenient to de-
fine the pre-factor with respect to the SM pre-factor as shown in equation (4.28). The
list of relevant operators can be found in section 4.2.1, in particular in the K system
operators from equations (4.2) and (4.3) have to be taken into account. Relevant op-
erators for the B, system can be obtained by changing appropriate flavour indices.

The Wilson coefficients obtain contributions from three classes of diagrams depending
on the particles involved. In particular we distinguish between

e box diagrams with W and W5 exchanges: In principle these diagrams can involve
WiWr, Wi Wgr and WrWpg in addition to internal quark lines, however the WrWg
contribution is highly suppressed by the heavy masses of gauge bosons.

e tree-level diagrams with neutral Higgses H ?72: Higgs masses have to be very large
(explicit values given below) if flavour bounds should be satisfied. Together with
the Wy Wg box, the neutral Higgs contributions constitute the main corrections
in the LRM.

e box diagrams with charged Higgs H*: As the charged Higgs H* have masses in
the multiple TeV range only diagrams with H* and W}, are considered. Effects
are generally expected to be small. Numerics shows that they are about two
orders of magnitude smaller than the ones from neutral Higgses and the W Wpg
box.

Hence we can summarise

Ci - ABoxCi —|— AHOC’z —|— AHi Oz . (62)

6.1.2. Collection of relevant Wilson coefficients

We now turn to a detailed description of relevant Wilson coefficients.

As the mixing matrices V* and V' enter these coefficients in various combinations, we
define, following [186],

NE(K) =ViVid . NP(By) = Vi Vg

iq

(6.3)

where A,B=L,R,q=d,s and i = u,c,t.
Wilson coefficients from gauge boson box diagrams
Calculating the diagrams with internal gauge bosons W Wy, W, Wg and WrWkg, re-
spectively, as shown in figure 6.1, the following Wilson coefficients can be derived for
the meson system M = K, By, B,

ABOXCVLL [Lw, Z )\LL )\LL )SLL(iL'Z‘,.I‘j) (64)

1,J=c,t
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Figure 6.1.: Feynman diagrams for contributing gauge boson box diagrams

ABOXOQLR(MR7M) = Z )‘zLR(M))\fL(M)SLR(xﬂxjaﬁ) (65)
i, J=u,c,t

ABOXCVRR :uRa Z )\RR )‘RR )SRR(jiajj)a (66)
i,j=c,t

where we have already chosen appropriate scales uw = O(My, my) and pr = O(My,,)
and made use of the following notation

me \2 me \ 2 M2, sw \2
xTr; = . s i’z = . s = L, r= . 6.7
(MWL) (MWR) ’ Mg, (CWSR) (6.7

We want to remark that in the limit of equal gauge couplings g, = ggr the factor r
simplifies to r = 1. Using the definitions

- x; In(x;) ; N B1n()

Wt P) = G —ad)m—a) ) T T pa - wd) - 2,8

(6.8)
B 22 1n(z;) S In(5)

Bl f) = At —adm =) ) T T A ad - 2,8
(6.9)
F(.’L’Z‘, l‘j) = i [(4 + ZL‘Z'.’L'j)IQ(iL‘i, l’j, 1) — 8ZL‘Z’£L']‘]1(ZL‘Z', l’j, 1)] s (610)

the loop functions are given by

Sep(zi,z;) = Flx,xj) + Fay, x,) — F(x, x,) — F(xj,z,) (6.11)
Ser(@ixy, B) = 2Bry/@iw; (4 + i B) (i, x5, B) — (1 + B)I2(wi, x5, 8)] (6.12)
Srr(%:,%;) = Br*Spe(F, ;) (6.13)

These results are in agreement with the literature [36, 186,187,191, 192].

There are a few comments in order:

e The Sy, form of the SM loop function agrees with equation (4.28) and no cor-
rections of O(e?) are present.
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e For the LL and RR contributions in equations (6.4) and (6.6) respectively, we
have used the unitarity of the matrices V¥ and V' in order to eliminate internal
u quark contributions, in other words the GIM mechanism. However this does
not apply to the LR contribution.

e The loop function Sy g, in contrast to the results for Sy, and Sgg, is not gauge
independent [191]. Gauge independence can be restored by including vertex and
self-energy corrections to the tree-level neutral Higgs exchange, in particular when
the HYGTG'~ vertex is involved [187,192|. Since these corrections leave Spg
without relevant modifications from our result in the 't Hooft-Feynman gauge,
we neglect them.

Wilson coefficients from tree-level neutral Higgs exchange

Tree-level Higgs diagrams, as shown on the right-hand side in figure 6.2, are induced by
the two flavour changing neutral Higgses HY and HY (for more details about the Higgs
sector see appendix A). Generally they generate the operators C’f%L , C’fém and CLE,
but as the Higgs masses are equal at leading order the C’f%L and C'fjm contributions
cancel each other. Thus even for non-degenerate Higgs masses, these contributions are
of O(e') and negligible. Hence, the only relevant contribution from neutral Higgses is
given by

1672

A G )=~ T
HYF

(s) > AFEN K xi(p)a(pn), (6.14)

1,J=u,cpt

where M = K, By, Bs and pug = O(Mpy) and we have defined the function

u(s) = (1 _1232)2 | (6.15)

The choice of the matching scale will be explained in detail below. Our result in equa-
tion (6.14) is in agreement with [36] provided one takes the limit s < 1 which was
chosen in that paper. In terms of a more general analysis the additional factor u(s) is
necessary since already for s = 0.5 we obtain an enhancement by a factor of 4.

Wilson Coefficients from charged Higgs box diagrams

Charged Higgs effects are automatically expected to be small compared to the previous
NP effects since these one loop processes involve particles much heavier than the Wx
mass but equal to the masses of the neutral Higgses, HY and HY. We still want to include
the main contribution given by boxes of H* and W3, as shown on the left-hand side in
figure 6.2, or with the corresponding Goldstone boson. Box diagrams involving a Higgs
particle with solely other heavy particles can be safely neglected. Thus we also do not
consider box diagrams with heavy neutral Higgs particles. Calculating the diagram in
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Figure 6.2.: Feynman diagrams for Higgs contributions

figure 6.2 we find
ApsCy™(pp, M) = Y MNRM)NE(M) SR (i, x5, Bu) (6.16)
i, J=u,c,t

where the loop function reads

St 2y, Br) = 2u(s)Bu v/ xi(pr )z (1w [wix; L (2, 25, By) — Lo(wi, x5, Br)], (6.17)

and

_ Mgy,

=

Our result is consistent with the findings of [186] when taking the limit s < 1.

Bu

(6.18)

6.1.3. RG QCD corrections

In this section we address the issues of QCD renormalisation evolution of the effective
Hamiltonian from high scales down to low energy scales at which the hadronic matrix
elements are evaluated by lattice methods. In section 5.1.2 we have demonstrated the
method in presence of a single high scale. In contrast to the procedure given there,
now an intermediate high scale is involved. We briefly summarise the relevant scales:

e The SM box diagrams involve as usual dynamical W and the SM quarks. The
appropriate scale is then py = O(My,, m;) [133].

e The intermediate high scale pp is fixed by the mass My, of the heavy gauge
boson Wg. Considering that My, > My, , the correct way to proceed would
involve integrating out the heavy gauge boson and constructing an effective field
theory where Wg does not act as a dynamical field. However our approximation
is justified within the uncertainties of unknown parameters. Numerically we take
ur = 2.5TeV.

e As we will demonstrate below Higgs masses of both charged and neutral Higgses
must be even significantly larger than Myy,. The high scale py is then defined
by their mass, hence pug = O(Mpy). Numerically we fix puy = 15TeV.
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6 Flavour phenomenology and numerical analysis of the LRM

e Finally, as defined in section 5.1.2, there exists the low-energy scale of the decay
in question, referred to as py (or u, for B mesons).

Under these assumptions it is possible to encode perturbative and non-perturbative
QCD effects in a known way into the effective parameters P;. For our analysis only the
values of the following coefficients are necessary:

e For box diagram contributions (ugr = 2.5 TeV), we find

PIR(K) =173(4)(3), PyR(B,) =4.57(54)(25)  (Box), (6.19)

e For the Higgs contribution (uy = 15TeV) the result reads

PIR(K) =88(5)(3), Pyf(B,) =5.54(65)(30)  (Higgs). (6.20)
More details about the explicit calculation of the P; factors can be found in [49].

Last but not the least, a small comment about the scales of quark masses is in order.
Generally the scales of quark masses in our analysis are set to be m;(m;) fori =¢, b, t
and 2 GeV for light quarks. Only in the Wilson coefficients involving heavy Higgs fields
the quark masses are evaluated at py.

6.1.4. Summary of AF = 2 contributions

Now we are ready to give the final formulae for the off-diagonal elements of the mass
mixing matrices of the various meson systems. We demonstrate the procedure for M,

It is convenient to make use of the following decomposition
My = (Mip)sm + (Mi)re + (Miy)Lr = (Miy)gy + (Mip)Lr - (6.21)
This allows us to group contributions with the same RGE behaviour. We obtain

G7 » * 2 *
(Mqu)SM - 12§2 FéqBquBqMI%V |:)\tLL (Bq>] TIBSq (BQ)7 (622)

where

ﬁ_B ABOXCYRR(URv Bq)
ns o NH(B)T

The first term gives the SM contribution as given in equation (4.29). As usual np
defines the known SM QCD correction while 75/np ~ 0.95 results from evolving the
Wilson coefficients from pg down to py and hence is independent of the particular
meson system considered. The connection between SM loop functions and the one in-
troduced in section 6.1.2 is explicitly given in this notation in appendix E.

Sq(By) = So(ze) + (6.23)
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As the Higgs effects enter at a higher scale than the boxes involving the gauge boson
Wgr, we combine them according to

Attiges CE® (11, By) = AnoCER (ur, By) + Ap+ CF (um, By) (6.24)

such that all effects with the same RGE behaviour can be grouped together. Finally

we obtain

GEMiy
1272

(MR = Fg mp, [(ApexCy " (1ir, By))* Py (1ir) + (6.25)

(Attiges Oy (s, By)) Py ()| - (6.26)

For the K% — K° system one simply has to replace the index B, by K, and also np by
7. Furthermore the SM part is modified by inclusion of the box diagrams involving
an internal charm which could be neglected in case of the Bg — BS system. The corre-
sponding loop functions are again collected in appendix E. The SM part of the mixing
amplitude simplifies then to the formula as given in equation (4.28).

All further formulae for AF = 2 observables necessary for our numerical studies have
been presented in section 4.2.2. Together with the formulae of this section the observ-
ables AMy, AM,, e, Spks, Spe, Ay and A} can be straightforwardly obtained.

We briefly want to mention that in the LRM some observables, such as Syx, and
Sy, can be modified by tree-level exchanges. This is due to the small right-handed
couplings induced by W, and Wy exchange, both being typically of €2 ~ O(1073). After
evaluating matrix elements and QCD RG running effects we find that the weak phases
of decay amplitudes can in principle be modified. However our numerical considerations
show that these effects cause modifications in Sy, and Sy in the 0.01% range. Thus
we will not consider them here further and for details we refer to our publication [49].

6.1.5. The role of the neutral Higgs contributions

In this section we take a closer look at the role played by the neutral Higgs contributions.
Since the main impact on the NP mixing amplitude comes from left-right operators,
we concentrate on this contribution. We can decompose the amplitude in the following

way
G2 M3
(M)ir = 2K

o F e, Y INRBNB) Ry(By),  (6.27)
1,J=u,c,t

where we have defined

Rij(Bq) = Spr(z;, Zj, B)PQLR(Bqa UR) + SgR(xiv Ly, 5H)P2LR(Bq> fir)
1672

= Tangay O m e ) P By ).
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We have separated the contributions of loop integrals and QQCD running from contribu-
tions of left- and right-handed mixing matrices. These mixing matrices are contained in
factors AL® and AFE. Analogously we can obtain the formulae for the K — K° system
with B, replaced by K.

We concentrate on the factor R;;, which depends only on the electroweak parameter s
apart from the heavy masses My, and My. This setup is perfect to study the impact
of the heavy masses for given values of s. In particular we choose s = 0.1 and s = 0.5,
which are part of the best fit region shown in section 3.4.4 and summarised in equation

(3.37).

In general we find that the neutral Higgs part represents the leading contributions,
followed by gauge box contributions while charged Higgs contributions are negligible.
Charged Higgs contributions are roughly two orders of magnitude smaller than the con-
tributions from neutral Higgs and one order of magnitude smaller than the ones from
charged gauge boson boxes. Thus when we are interested in the impact of the heavy
Higgs contributions, it is sufficient to consider the neutral Higgs contribution denoted
by RH(K) with respect to the full factor Ry (K).

In figure 6.3 we display R (K)/Ryu(K) as a function of the neutral Higgs mass My for
different values of Myy,. First we consider the case s = 0.1. Even for a light W5 mass,
My, = 400 GeV, which is already excluded by direct collider bounds, the neutral Higgs
contributions for Mz < 20TeV contribute at the 20% level to the total value. This
example displays that the role of the neutral Higgs has been severely underestimated
for many years, especially when the bounds on My, were less stringent. With a more
realistic mass My, > 2TeV, the neutral Higgs contributions become only negligible if
the Higgs masses are chosen to be very heavy, roughly My > 100 TeV. However, we
cannot simply decouple the Higgs contributions by choosing an arbitrarily high Higgs
mass as in this case the Higgs sector would leave the perturbative range. This can be
understood by considering the formula for the neutral Higgs mass as given in A.6 of
appendix A. Since both My, and My involve the parameter kz and hence cannot be
fixed independently, the Higgs mass can only be increased while requiring a relatively
low My, by pushing the coupling a3 into a non-perturbative regime. When assuming
s = 0.5 the Higgs contributions become even more important.

In summary, in the LRM for a realistic choice of masses of My, = 2.6TeV and
My = 16 TeV (corresponding to s = 0.1), the neutral Higgs contribution represents
more than 80% of the total LR contribution. This result is surprising especially since
these contributions have been neglected in most of the existing literature for LR models.

Finally we briefly want to mention that the hierarchical structure of the matrix R;; has
a profound impact on the resulting structure of the RH mixing matrix V®. This is due
to the fact that constraints from AF = 2, in particular €x, set strong constraints on
the LR operators. We will elaborate on these topics in our numerical analysis below.
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Figure 6.3.: The role of

the neutral Higgs contribution quantified by R (K)/Ry(K)

as a function of My for different Wx masses for s = 0.1 and s = 0.5
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6.2. The decay B — X,v in the LRM

6.2.1. The effective Hamiltonian

Due to its unique features of identifying deviations from the SM and acting generally
as strong constraint for NP models, the decay B — X, has attracted a lot of attention
in various left-right models based on the SU(2);, x SU(2)g x U(1) symmetry structure.
Such studies can be found in [107,151,193-200]. In this section we make use of several
results found by some of these authors, in order to study the relevant Wilson coeffi-
cients of dipole operators. Subsequently, corresponding RG QCD corrections will be
elaborated and a formula for the branching ratio for the B — X,y decay presented.

The starting point of our considerations is as usual the effective Hamiltonian. At the
low energy scale p, = O(my) the effective Hamiltonian reads

Halb = 37) = = EVEVa [Coy () Qs + Cucm)@ac] - (628
The pre-factor is chosen such that it matches with the normalisation from the SM
calculations. We have already defined the operators above in equation (4.33). In
principle the primed operators of equation (4.33) also have to be incorporated. However,
we will give arguments below showing that they can be neglected. Note that primed
operators already could be removed from the discussion in the SM as they appear
suppressed by the ratio m,/m; relative to the unprimed ones.

6.2.2. The Wilson coefficients

Before we start considering relevant Wilson coefficients, we briefly want to recall the
discussion of different scales in section 6.1.3. In the following we list the Wilson co-
efficients in terms of the corresponding high scale. The transformation to low energy
Wilson coefficients C;(pp) from high energy scales by means of renormalisation group
methods is discussed in the following section.

SM Wilson coefficients from gauge bosons

The first group of Wilson coefficients consists of those already present in the SM, usually
given at the scale uy = O(My). The corresponding Feynman diagram for the b — sy
transition requires a chirality flip, which can only be achieved through a mass insertion
in the initial or final state quark since the W couples in the SM only to LH quarks.
Consequently the amplitude has to be either proportional to my in case of unprimed
operators or to myg for primed operators which then can be neglected due to the mass
suppression. We summarise the results here

33 — 222 —8z% — ba? + Ty

SM _
Co () = Jo =i B o, — 1)

= C2M (wy), (6.29)
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—32? —a} + ba? + 2x
———Inx +
Xz — 1) 8(zr — 1)

More information can be found in [129].

ngl (Mw) =

(6.30)

New Wilson coefficients from gauge bosons

In the LRM new contributions can appear since the gauge boson Wy can couple to the
RH quarks. The leading NP contribution involving gauge bosons is then given by the
diagram with a RH coupling in the vertex with the b-quark together with a chirality
flip on the internal top quark line. This internal flip implies an enhancement factor
of my/my, with respect to the SM contribution and the reason for the importance of
this contribution. The expressions for the corresponding Wilson coefficients have first
been calculated by Cho and Misiak [151] at the scale puy,. The choice of the scale uy
was justified by their assumption of My, ~ O(GeV). Since the bounds are now more
stringent, we need coefficients at a scale of pup > pw. Using the results of Cho and
Misiak [151] would in this case require that large logarithms log(ur/puw) have to be
taken into account for a correct treatment of scales. However in view of the unknown
mass My, we decide that an approximate consideration is sufficient, assuming the
result of [151] to be valid at pr. We then obtain

3r2 — 2x —5x2 + 31z, — 20
ALR _ Atb t t 1 t t 31
C7’Y(luR) |:2(1 N xt)g Ty + 12(1 _ xt)z 9 (6 3 )
—3x —x?— gz, —4
AMRC — A B e 6.32
sc(1r) 2T 2 nw; + =) | (6.32)
where VR
p_ My i b
A = o sce’e (ﬁ) + O(e"). (6.33)

The m;/m; enhancement can be seen directly in A®. Furthermore we note the O(€?)
dependence. As we will see below, in order to build the branching ratio the sum of
Wilson coefficients has to be squared so that finally at O(e?) only the interference term
with the SM contribution will enter.

Other contributions from gauge bosons

Now we briefly justify why the Wilson coefficients described above represent the only
relevant NP contribution from gauge bosons at O(e?). We first restrict our consid-
erations to diagrams involving a W boson. In the next step we classify all possible
contributions. In general each contribution is characterised by two properties: firstly
the chirality of the gauge boson—quark couplings in the loop and secondly the type of
operator, i.e. primed or unprimed. In the following we refer to different chiralities just
as LL, RR and LR, where e.g. LL stands for the SM contribution. So far we have con-
sidered the LL contribution, primed and unprimed, and the unprimed LR contribution.
Next to be considered is the primed LR contribution. This contribution originates from
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the diagram with RH coupling in the vertex with the s-quark and chirality flip on the
internal line. Similar to equation (6.33) the strength of the Wilson coefficient is given
by

[ VER\"
Ats *:& 2 —ia [ Vts O 4 634
ey = e (1) 1 0, (6.3)

being also m;/m;, enhanced and of O(e?). However, when considering the branching ra-
tio, primed operators do not interfere with the SM contribution, since we have omitted
the small SM contributions to the primed operators. Thus at the level of the branching
ratio this contribution appears at O(e?) and can be neglected. Next, the unprimed and
primed RR contributions lack the enhancement factor m;/m; both having the chirality
flip on the external line and furthermore appear at O(e?), so that we can neglect them.

Finally we take a look at diagrams involving the heavy Wx boson. The authors of [151]
found all LR contributions negligible, similar arguments hold for the LL and RR case.
This is mainly due to LL and RR contributions being then described by the SM loop
functions, as given in equations in (6.29) and (6.30), but instead of z, = m?/M3, they
are mass suppressed with Z; = m?/ M%,R.

New Wilson coefficients from charged Higgs bosons

The decay B — X,y receives important contributions through diagrams involving the
charged Higgs boson. While often ignored in early works [102], currently it is estab-
lished that these effects should not be neglected [193,194,196-198,200|. Interestingly
they are still important even when assuming the charged Higgs mass in the range of
O(10TeV). As found by these authors the corresponding amplitude also features the
m¢/my enhancement. This property is unique in the framework of LR models, e.g.
in the MSSM one finds a m; or m, dependence. Additionally the charged Higgs cou-
plings are of O(1) so that the only suppression is induced by the heavy Higgs mass itself.

In order to obtain the contributing Wilson coefficients we use the results of [196,200]
while adapting their formulae to our notation. We obtain [196]

(VR
AT Cr ) = —us) [sele (U)o 4 28 a ) | 039)
tb
Aoy = | =Wy, 23y (6.36)
A T R S o |
1
Al (y) = FAsuly) = Ap= (), (6.37)
SM m?
H+

Note that the SM loop function was given in equation (6.29) and following the argu-
ments of appendix D we can again set & = 0. The function u(s) has been defined in
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| pr | 1TeV |25 TeV |10 TeV | 15 TeV |
kr | 0457 0.427] 0.390 [ 0.380
ks | 0.125] 0.128 | 0.130 | 0.130
krr | 0.665| 0.778 | 0.953 | 1.005

Table 6.1.: The relevant NP magic numbers at yu, = 2.5 GeV and p(my).

equation (6.15). It is also remarkable that a large s, in particular close to the limit
s — 1/ \/5, is linked with a strong enhancement. However we should remember that
this limit is not realistic since it implies k" = x, which leads to equal quark masses in
up and down sectors (for more details see section 3.2.2).

6.2.3. QCD corrections

In the next step we want to include the RG QCD running. We include the SM QCD
corrections up to the NNLO level following [165]. The NP contribution is only incorpo-
rated at the LO level, which was obtained on the basis of [151] and [201]. In principle
matching conditions to the Wilson coefficients of LR operators at appropriate scales
relevant for a NLO analysis are already available [199]. However such calculations
are technically involved and would be redundant in view of the many free parameters
present in this model.

We now turn to the explicit description of the QCD corrections. First, all Wilson
coefficients have to be evolved down to the scale pu, = 2.5 GeV. We obtain

AMCr, (1) = wr(pr) A7, (1r) + ks(pr) A Csa(pr) + A%kLr(pr),  (6.39)
AHiCﬁ(Mb) = Kr(pm) AHiC?’y(,UH)v (6.40)

where the NP Wilson coefficients at high scale were given in (6.31), (6.32) and (6.35),
respectively. The term proportional to

m VR
A% = € gee?elr—<b 6.41

appears due to the mixing with new charged current operators. Since this mixing only
occurs below the scale g, it has to be included only once in equations (6.39) and (6.40).
The r’s usually referred to as the NP magic numbers are collected in table 6.1 [201].!

The overall Wilson coefficient is finally given by

Crr (1) = Ciry ()™ + AMCy (1) + AP Cr (1) (6.42)

I This table is provided by Emmanuel Stamou.
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6.2.4. The branching ratio

We are now ready to write down the branching ratio. Following the analysis of [201,202],
we obtain

Br(B — X,v) = Br(B — X y)sm + ABr, (6.43)
where )
ABr = R [2 Re {CM(MZ,)SMALRCM(M)} + ‘ALRCH(M)‘ ] , (6.44)
with 3 )
ANy, () = AMCr,y (1) + A Cry (1) - (6.45)
Furthermore we require
R=0.00247, O ()™ = —0.353, (6.46)
and [202]
Br(B — X,v)sm = (3.1540.23) x 107*. (6.47)

In principle the last term in (6.44) can be dropped since it is of O(e?). Finally we
want to remark that the comparison of SM and experimental value (see section 4.3.2
for more details) favours ABr > 0 leading to Re(A™C7, (1)) < 0 and Re (V) > 0.

6.2.5. The role of the charged Higgs contributions

Similar to our considerations in section 6.1.5, we now want to examine the B — X,y
decay. We study the size of contributions from charged Higgs with respect to the full
NP contribution, characterised by A" Ct (1) /AMRCr (1), Our results are presented
in figure 6.4 where we show this ratio as a function of My for different values of My,
and two choices of s. Since both AR C7 (1) and AMC:. (1) are dependent on the
RH mixing matrix, we assume for V# simply the identity matrix. This approximation
is justified as the main contributions from both charged Higgs and gauge bosons are
proportional to V¥, hence the ratio of these two quantities gets barely modified. In this
way we are able to extract the fact that the charged Higgs play an important role. In
numbers, for Wi > 2TeV and My < 20TeV the charged Higgs contribution provides
at least 20% and 50% of the NP contribution for s = 0.1 and s = 0.5, respectively. For
high values of s the effects are much larger. This enhancement is in accordance with
our previous expectations from the discussion of the behaviour of Higgs contributions
close to the limit s — 1/\/§

6.3. Strategy of the numerical analysis

6.3.1. Outline of the strategy

In the previous sections we have collected all relevant formulae for AF = 2 processes
and the decay B — X,y and constraints. We are now ready to perform a comprehen-
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Higgs contribution to NP in Br(B— Xsy)

Higgs contribution to NP in Br(B— st)

Figure 6.4.: The relative importance of the charged Higgs diagrams in the NP
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sive numerical analysis.

To this end we first have to discuss how to incorporate our results from our pre-analysis
of EWP observables, as given in section 3.4.4 and summarised by our best fit region in
equation (3.37). We realise that two parameters in equation (3.37) are very constrained
and we are able to choose a benchmark point. In particular our choice reads

sp =0.80, e =0.03. (6.48)

This choice affects the heavy masses My, and My, where the latter additionally ex-
hibits a strong dependence on the parameter s. The masses are then

16
My, ~2.6TeV, My~ ———TeV, (6.49)

V1—2s?

where have chosen a3 = 8 in the Higgs potential. This choice of a3 ensures a high
Higgs mass, together with suppressed effects in both AF' = 2 processes and the decay
B — X,y as discussed in sections 6.1.5 and 6.2.5, respectively. It should be stressed
that ag cannot be increased further without leaving the perturbative regime in the
Higgs sector [36]. Concerning the mass of the heavy gauge boson Wx our benchmark
point guarantees a value to be accessible at the LHC. Additionally, it is also useful to
give a few characteristic parameters of flavour observables for our benchmark point

2
13< <99, r=%x048, 89107 <se <43-107*.  (6.50)
KR

91

The situation for s is less restricted. Since this parameter also has a profound impact
on flavour observables, a general analysis can only be guaranteed when we study it for
different values. Before we fix the considered region of s it is also useful to ask about
the feedback from flavour observables on the electroweak parameters. The correlation
between them enters mainly due to the function wu(s) present in the B — X v decay
but also in AF = 2 processes. We have already mentioned that in the unphysical limit
of s — 1/4/2 divergences would appear, hence it is obvious that flavour observables
preclude s to be close to its maximal value. We find that the upper limit on s is
mainly constrained by the charged Higgs contributions to B — X,v requiring s < 0.64.
Consequently we find

0.1<s<0.6 (6.51)

to be phenomenologically viable. In summary, we want to emphasise that in view
of many free parameters of the model the treatment of pre-constraining electroweak
parameters is useful. Therefore in the following numerical analysis we use the EW
benchmark point only varying the parameter s as discussed here.

Apart from EWP constraints, the constraints from tree-level decays (as summarised in

section 3.3.3) and from the observables AMy, AMy, AM;, e, Syks and Br(B — Xyv)
(as discussed above) are incorporated in our numerical analysis at the 20 level. The
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parameter scan is then performed by varying 13 parameters from the matrices V¥ and
V' within in their allowed ranges. For V' this implies that the mixing angles are varied
within 0...7/2 while for phases we have 0...27. On the other hand parameters of
V1L are already quite constrained mainly due to the smallness of ex and the tree-level
constraints, therefore we can pre-constrain ranges and improve the efficiency of the
numerical analysis.

The goal of our analysis is to identify regions in parameter space consistent with all
existing experimental constraints. This allows us to study the form of the matrix V%,
examine correlations of observables and make predictions for some them. Finally we
can study the impact on the SM anomalies, which we have described in section 2.1.1.

6.3.2. Input data and error treatment

Before we describe our results we briefly want to discuss two basic ingredients of any
numerical analysis, the input data and the treatment of uncertainties.

In table 6.2 we have collected all numerical values necessary for our analysis of the
LRM. Running quark masses can be separately found in table 6.3. It should also be
mentioned that values for P? factors and magic numbers have already been given in
section 6.1.3 and 6.2.3, respectively.

Uncertainties enter our analysis in two ways and would require a systematic treatment
by error propagation. Input parameters and predictions for observables carry uncertain-
ties from theoretical uncertainties and experimental input data. For example the input

parameters \/EBdFBd and 4/ BBSFBS have uncertainties of about 5%. In the SM this

would lead to an uncertainty of roughly 10% in the observables AM,; and AM; [137]. In
contrast, the observable g suffers from much smaller uncertainties, which were mainly
improved by more precise lattice calculations of [70,204-207], estimate of long distance
contributions [68,71] and NNLO QCD perturbative corrections [72,73]. Additionally,
the values of all final observables are measured with respect to a certain precision, their
errors lead to the fact that our constraints need to be fulfilled in specific ranges. Going
back to our examples AMy, AM, and ek, this means that experimental values are so
precise that their errors can be neglected for practical purposes. Further observables
such as Sykg, Br(B — Xv) and AMg are known within 3%, 10% and 30% accuracy,
respectively. Note that the latter value is much higher due to unknown long-distance
contributions.

In view of the complexity of the formulae and many input parameters we decided not
to perform a detailed error propagation, instead we require the final prediction for the
observable to lie roughly within the two sigma range of experimental and theoretical
uncertainties. This way allows a compact but approximate treatment of errors, which
will be sufficient for our purposes.
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yeK| = 2.228(11) -
5, = 5279.5(3

G, =1.16637(1) - 107> GeV >
My = 80.399(23) GeV
a(My) =1/127.9
as(Myz) = 0.1184(
sin? By = 0.23116(13
mY = 497.614(24) MeV
AMpg = 0.5292(9) - 1072 ps~*

7)
(13)

1073

MeV
mp, = 5366.3(6) MeV

112]

m = 1.87(76) [73]
15 = 0.496(47)  [72, 148]
o = 0.5765(65)  [149]
ns = 0.55(1)  [149, 150]

Fy = 156.0(11) MeV
B = 0.737(20)

Fp, = 205(12) MeV
Fp, = 250(12) MeV
Bp, = 1.26(11)

Bp, = 1.33(6)

AM, = 0.507(4

AM, = 17.77(12) ps_1
Tp, = 1.471(25) ps

7, = 1.519(7) ps
SIN(2) 505 = 0.679(20)

114)

Fp,\/ Bp, = 233(14) MeV
Fg.\/Bp, = 288(15) MeV

Bg,/Bp, = 1.05(7)

¢ =1.237(32) [94]

my
my

my) = 163(1) GeV
2.5GeV) = 4.60(3) GeV

(

me(my) = 1.268(9) GeV [94,203]
(
(

Table 6.2.: Collection of input parameters relevant for the numerical analysis of the

LRM.

| | 2GeV | 4.6GeV | 172GeV | 25TeV | 15TeV |
ma () (MeV) | 2.09(0)(9) | 1.74(6)(7) | 1.15(8)(5) | 0.97(8)(4) | 0.88(8)(4)
ma()(MeV) | 4.73(0)(11) | 3.94(1)(9) | 2.61(2)(6) | 2.19(2)(5) | 2.00(2)(5)
ms(p)(MeV) | 93.6(2)(11) | 77.93)(9) | 51.6(4)(6) | 43.4(4)(5) | 39.5(4)(5)
me(p)(MeV) | 1089(7)(0) | 907(6)(0) | 601(5)(0) | 505(4)(0) | 460(4)(0)
my (1) (GeV) - 4.074(19)(0) | 2.702(14)(0) | 2.268(12)(0) | 2.068(12)(0)
my (1) (GeV) - - 162.3(10)(0) | 136.3(9)(0) | 124.2(8)(0)

Table 6.3.: The NLO running quark masses at different scales and corresponding
statistical and systematic errors in the first and the second parenthesis, respectively.
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6.4. Numerical results for observables

6.4.1. A general study of the matrix V£

We now turn to the discussion of numerical results. We first want to focus on the
structure of the RH mixing matrix V. Our scan allows us to find regions consistent
with experimental constraints. Since V% is a unitary matrix, the mixing angles of the
RH mixing matrix are fixed by the knowledge of only three elements V.7, VH and V.
We will concentrate on them in the following.

First we examine the correlation of these elements, in particular we look at their depen-
dence on the parameter s, which varies in its full range as defined in equation (6.51).
In figure 6.5 we present the corresponding results, different values for s are described
by its color. Since we have plotted points with large values for s in the foreground, one
can deduce that allowed regions of parameter space grow with decreasing s. Actually,
in spite of the fact that large regions show no points and hence are excluded by data, all
three elements are able to reach values between zero and one individually. Yet, strong
correlations only allow certain combinations.

The correlations of the absolute value of different elements V¥ can be extracted better
when we consider them in a three-dimensional plot as shown in figure 6.6 for s = 0.1.2
The additional dimension clearly helps to distinguish the two branches which were
already apparent in the two dimensional version. This time the colour encodes the
measure of fine-tuning, defined by

d 1 NObs 1 NObs p 80
A = 3 Bucl0) = 3 ma (| 250
S S . [ 7

=1 i=1

) . (6.52)

Here we have modified the so-called Barbieri-Giudice Agg measure [208], describing the
sensitivity of an observable to a small variation of model parameters, by an additional
summation over different observables. This sum guarantees that the fine-tuning of dif-
ferent observables is considered simultaneously. This measure is also useful since usually
fine-tuning in several observables appears correlated. The measure of fine-tuning de-
scribed by us is similar to the measure proposed by Athron and Miller [209], which
however is less efficient to apply for numerical purposes. It should also be stressed that
Agg is only sensitive to fine-tuning in terms of cancellations between various contribu-
tions, but not to accidentally small parameters. In general it is useful to investigate the
question of fine-tuning in such models like the LRM, since LR operators usually give
sizable contributions to the NP contributions in AF = 2 observables, which then can
potentially induce large fine-tuning, especially for ex. An explicit example where this
happens is the Randall Sundrum model with custodial protection where ex generally

2Due to the dependencies on many parameters we find it more transparent to study observables for
specific values of s. For AF = 2 we mainly consider s = 0.1, corresponding to a Higgs mass of
16 TeV. In our study of Br(B — X,v) we are explicitly interested in its s dependence.
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Figure 6.5.: The elements of the RH mixing matrix [V.Z|, [VE| and |V.#| as functions
of each other. The colour encodes the parameter s.
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Figure 6.6.: The elements |V.E|, [VE| and [VE| in a three-dimensional plot, where the

colour indicates log ABd .

suffers from a large fine-tuning [137,210].

Let us go back to the description of figure 6.6 and see the situation in the LRM. In
this plot the layers are chosen such that points with lower fine-tuning appear in front
of points with higher fine-tuning. Thus in regions with low fine-tuning also highly fine-
tuned points can exist. Figure 6.6 allows to distinguish between two regions with small
fine-tuning, where we define “small” as AR2? < 10.

e In the so-called “normal hierarchy” scenario values for |V.2| |V£| and [V[| are
small. We are able to introduce a Wolfenstein-like parametrisation, which is the
similar to the hierarchy in the CKM matrix, with largest entries on the diagonal.

e In the so-called “inverted hierarchy” scenario we have small values for |V.%| and
[VE|, but large |[VE|. In contrast to the CKM matrix the size of entries of the
2, 3 submatrix is inverted and leads to a very different pattern.

Numerically we find for both scenarios

0.18 (s=0.1)

013 (s=05) ° (6.53)

VE <12-1072  and  |VF|< {

where we have preferred to give the value for |V;¥|, since here the bounds are more
stringent than for |V%|. The “normal” and “inverted hierarchy” scenarios are then
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characterised by the value of |[VIf|, in particular

VE < 0.3, (normal hierarchy)

VE > 09. (inverted hierarchy) (6.54)

For both scenarios all constraints, including the constraint from ey, are satisfied while
at the same time the fine-tuning in all observables is small.

For points outside these regions constraints are fulfilled, but they can exhibit a large
fine-tuning. Therefore from phenomenological point of view these points are still viable
although unnatural from the point of view of fine-tuning. An example of such a region
is at small |[VE| large |[VE| and |V.§| < 0.30. The full branch for |V.Z| is also allowed
in the “inverted hierarchy” scenario. This branch is remarkable in view of the |V|
problem, to which we will come back in a separate section below.

6.4.2. Estimating effects in different meson systems

We have already stated above that LR operators are known to renormalise strongly
under RG evolution, especially in the K system as can be seen from the PL% factors in
both equation (6.19) and (6.20), leading to large NP effects in the K system. We have
also discussed in section 6.1.5 that the dominant NP mixing amplitude is generated
from LR operators. To go into more detail we have separated in equation (6.27) contri-
butions from loop integrals and QCD running defined as R;;(M) with M = K, By, B;,
on which we focused in this section. We also found that Ry (M) yields the dominant
contribution.

Now we take a look at the second contribution to the amplitude in equation (6.27),
determined by the quark mixing matrices, in particular the factor A*(M)AFF(M).
Having identified the valid regions of parameter space from our scan, our study of this
factor will help us to estimate the contributions for different meson system. In order
to investigate the particular impact of the matrix V® on flavour processes, it is useful
to consider this factor normalised to the SM contribution. Regrouping of left and right
mixing matrices helps to simplify the relevant quantity according to

ALTMONE(M)  AFER(M)
ANEMONF(M) — AE(M)

In figure 6.7 we present this factor in a three-dimensional plot for all three meson
systems for s = 0.1. While in the K system in principle large effects are possible, the
effects in the B, system and the B, system range from moderate to small. From these
observations we can deduce a rough pattern for the hierarchy of NP effects, in particular
B; < By < K. Since the same factor enters rare K and B, decays, a similar pattern
of effects is expected there. However we should stress that really large effects in the K
system appear together with a large fine-tuning. This was expected since in this case
the extraordinarily large ¢t contribution to K° — K° mixing has to be canceled by some
other contributions.

(6.55)
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Figure 6.7.: The factor |A\FR(M) /AL (M)| for M = K, By, By in a three-dimensional

plot. The colour coding corresponds to the logarithm of the fine-tuning ABd.
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Figure 6.8.: Two model independent correlations: on the left panel Ag; and Sy4 and
on the right panel Al'y and 2¢,.
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6.4.3. Model independent correlations

In view of the many free parameters involved in our analysis, our search for correlations
offered limited results. The search for correlations can be improved by the study of rare
decays, however this is beyond the scope of this thesis and will be addressed in future
work. The only clear correlations which can be found so far are model independent
such as the correlation of A and Sys (mentioned in section 4.2.2) and the correlation
of AT’y and ¢s. We show both correlations in figure 6.8, which are independent of the
value of s.

6.4.4. Results for B — X~

In figure 6.9 we show the correlation between Br(B — X v) and the CP-averaged
branching ratio (Br(B — Xyv)). While we have discussed the decay B — X v ex-
tensively within this thesis, more information about the calculation of (Br(B — X47v))
can be found in our publication [49]. Here we restrict to the numerical discussion of
Br(B — Xy7v). In the left panel of figure 6.9 we demonstrate the s dependence of
Br(B — X,7v). The qualitative enhancement of the branching ratio for increasing s
could already be deduced from the structure of Wilson coefficients (for more details
see section 6.2.2). The branching ratio depends linearly on Re(V;?), shown in the right
panel of figure 6.9 for s = 0.1, also leading to a potential enhancement. Since the ex-
perimental value is still a bit above the value expected in the SM, in spite of relatively
good agreement within corresponding errors, there is room for a moderate enhancement
requiring a large s and a mainly real and positive contribution from V.

3.4 3.6 3.1 312 314 3.16 3.18

28 3.2
Br(B— )(s ) 4 Br(B— XS v)

Figure 6.9.: The correlation of Br(B — Xyv) and (Br(B — X47v)). We display in
colour the dependence on s and Re(V,??) in the left and right panel respectively. The
red point in the center corresponds to the SM value and the dashed lines to
experimental central value.
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Figure 6.10.: Maximal value for sce?|V. | as a function of s with respect to different
amount of fine-tuning. The bold dashed and straight line represents the value
sce’|VE| ~ 0.6 x 1073, necessary for a solution of the |V,;| problem.

6.4.5. The |V,;| problem and other anomalies in the LRM

We now move on to the discussion of the flavour anomalies, which we have described
in the SM context in section 2.1.1. In the LRM the situation is much less constrained
due to the impact of many free parameters, hence tensions like the ex — Sy x, anomaly
can be easily removed. Furthermore we have seen in figure 6.8 that the full range of
values for Sy, is possible in the LRM. Therefore, both an enhanced value of Sy4, but
also the more recent value which even allows for a small negative Sy4, can be explained
in the LRM.

Let us take a closer look at how the |V,;| problem manifests itself in the LRM. The |V,;|
problem plays a very special role in this thesis since it was one of the main motivations
for RHMFV. We have shown in figure 2.2 that for this model the |V,;| problem is
solved by choosing the inclusive value as the true value for |V,,;|. The basic setup of the
LRM is very similar and from our discussion of tree-level constraints in section 3.3.2
we would naively expect that in the LRM the |V,;| problem can be solved in a similar
manner. The formulae in equation (3.23) and the values from table 3.2 allow us to
estimate that we can obtain solution of the |V,| problem if sce?|V.E| ~ 0.6 x 1073, In
general EWP observables provide the bound sce? < 1072, while we have seen from our
study of |V| that for arbitrary fine-tuning |V.¥| is not constrained. This is a crude
estimate and we have to study the s dependence of the full quantity (see figure 6.10) to
resolve the question. Surprisingly, we find that a solution of the |V,;| problem cannot
be provided within the LRM. In figure 6.10 this can be explicitly seen from the fact
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that the maximal values of sce?|V.%| in the LRM do not cross the bold dashed line in
that plot. The tension significantly increases if only points with small fine-tuning are
considered. Finally we want to mention that a solution to the |V,,;| problem is partially
precluded by the increased lower bound on the mass of Wg suppressing the parameter
€.

6.4.6. A brief note on Z — bb

Similar to the considerations of section 5.2.6 for RHMFV, in the LRM we can examine
whether RH currents in the framework of the LRM are able to resolve the Z — bb
anomaly. To this end one again has to analyse the effective diagonal couplings of the Z
to down-type quarks as given in equation (5.33). The effective couplings can be derived
explicitly in terms of the Feynman rules as given in appendix F. Since the new effects
are of O(e?) ~ 1073 the discrepancy between experimental and SM value as given in
equation (5.66) can also not be explained within the LRM. Another reason is also that
the effective couplings in the LRM are not flavour dependent, hence even an enhanced
value for the Z — bb coupling would lead to inconsistent couplings for other flavours.

6.4.7. A soft lower bound on the heavy Higgs mass

In our previous considerations, we have worked with a heavy Higgs mass My at the
edge of the perturbative regime by our choice of a3 = 8, only taking into account the
dependence on the parameter s. This was favourable since in this case the new Higgs
FCNCs are automatically suppressed. Now we want to turn the question around and
ask how light the mass My actually can be taken while being in accordance with all
experimental constraints. Obviously the constraints from the decay B — Xy provide
a lower bound. We want to stress that our analysis has a few new features compared
to the literature. Firstly we consider all constraints simultaneously and not separate as
done in [36], for instance. Moreover we keep s as free parameter varying in the region
allowed by EWP observables, which has a profound impact on the Higgs mass My.
In many previous papers including [36], the authors usually use the limit s < 1. We
proceed as follows: The heavy Higgs mass is varied between

16

TeV <« My < ——o
N e

2

corresponding to 0.1 < a3 < 8.

The result is very surprising and summarised compactly in figure 6.11. We can deduce
from figure 6.11 the “soft lower” limit My 2 2.4TeV for the value s = 0.1. We
carefully choose the word “soft”, since we have made a crude parameter scan using
points generated by our previous analyses. We cannot exclude that a more careful
scan would reveal additional points being allowed for an even lower mass of My. We
also want to remark that for such low Higgs masses the fine-tuning generally increases,

although we also find points with A% < 10. Eventually a comment on the matrix

98



6 Flavour phenomenology and numerical analysis of the LRM

8p= 0.8, Kp= 58 TeV

60

40 Not allowed by perturbativity

>
[«}]
= 30
T
£
20
10
Mot allowed by A F=2
0 Il Il Il Il
0.1 0.2 0.3 0.4 0.5 0.6

S

Figure 6.11.: The allowed range for the Higgs mass My as a function of s for EW
benchmark point € = 0.03 and sz = 0.8.

V% is in order which is influenced by the change of the Higgs contributions. In order
to compensate large Higgs effects for a low value of My this mixing matrix has to be
very hierarchical. Approximately we find for the mixing angles

510~ O(107%), 53~ 0(1071), 893 ~ O(1077). (6.57)

Finally we want to comment on how these effects would affect the decay B — Xy7v.
Since Br(B — X,47) depends on the diagonal element V[ the larger hierarchical
structure of V# has very little impact on it. Consequently a lower Higgs mass implies
enhanced effects in this branching ratio.

6.5. Proposal for a simplified parametrisation of V2

6.5.1. New ways of reduction of parameters

In the previous sections we have analysed the impact of the RH mixing matrix V# in the
most general way. To this end we have incorporated the most general parametrisation
of VT and imposed all existing constraints. Now we follow a very different strategy with
the goal of finding a simplified parametrisation for V. This parametrisation should
contain only a few free parameters while being in accordance with the experimental
constraints. In the literature a few versions of V# with reduced numbers of parameters
already exist. However, some of them are already experimentally excluded like the
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“pseudo-manifest” scenario [33—-35]. Others are experimentally disfavoured such as the
“manifest” scenario [32|, the top-inspired approach [39] and some of the parametrisa-
tions of [38|, mainly due to a very high bound on the Wg mass.

The motivation for a simplified RH mixing matrix from our side is very different from
previous ideas. From our discussions above we know that the LRM has the potential to
resolve SM anomalies, which were topic of section 2.1.1, except the |V,;| problem. The
idea is now to find a simple matrix which still allows for a solution of these anomalies.
Obviously |V,| needs a different treatment here, which will be explained in the following
section.

6.5.2. The treatment of |V,

The LRM does not favour any particular measurement of |V,;|, and hence allows for a
wider range for its values within the experimental uncertainties. On the other hand SM
tensions are closely correlated to the value chosen for |V,,;| and can be shifted between
several observables as we will demonstrate below. To this end it is useful to define
different scenarios for |V,|:

1. Small |V,| - with the value |V,;| = 3.4 x 1073, In this scenario one obtains
Syks ~ 0.675 in the SM, in agreement with the data. The SM tension manifests
in |ex| &~ 1.8 x 1073 which is appreciably below the data.

2. Large |V,p| - with the value |V,;| = 4.4 x 1073, In this scenario one obtains
the SM value for ex in agreement with the data. The SM tension manifests in
Syks ~ 0.82 which is significantly above the data.

In the following we want to concentrate only on scenario 1. The reason for this is that
the tensions within scenario 2 do not fully get resolved for the matrix which we propose
below. In fact, a simultaneous suppression of both observables Sy x, and AM;, which is
required for this scenario, is not possible. Hence the tension of Sy x4 can only be shifted
to AM,. It should be stressed that in view of parametric uncertainties the scenario 2
is not excluded.

6.5.3. The reduced parametrisation

Now we want to introduce the simplified mixing matrix, which only depends on two
mixing angles $13, So3 and two phases ¢; and ¢ chosen from the first quadrant. The
matrix can be deduced from our general parametrisation by setting 512 = 0 in V4, which
was given in equation (2.31). This choice automatically helps to soften the constraint
from AMp. In particular we obtain

—5136724)1 0 513
VR = —52351361@)272(;51) —52367“{)1 —52361361((1)27(;51) . (658)
CogS13e M —Soge 02 C23C13
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This matrix is specially designed to give rise to simple expressions for the AF = 2
observables and to resolve the SM tensions. We will demonstrate this in detail in the
following sections.

6.5.4. Modifications to AF = 2 observables

We now specify the formulae for AF' = 2 observables. The formulae can be kept very
simple when we pre-constrain the ranges of the involved mixing angles by estimating
the contributions to the different meson systems. We obtain

5135002, 53502 and  §3893 51077, (6.59)

coming from B, system, B system and the most stringent from ey, respectively. For
these ranges AMg, i, Syks and Sy, are fully dominated by top-top exchanges and
are hence proportional to ALEARE whereas for AMy ALEARL is also relevant. However,
since the elements V;% and V. carry the same phase such top-charm contributions have
no impact on €. Only considering the dominant LR contributions and using the
notation as introduced in equation (6.27), one can easily derive

G%M3 o
(Im M{5)Lr = |Ru(K)| % fQWQWF[%mK|‘/t§H‘/t§|023513523 sin(¢y —¢1 — B+ 5,), (6.60)
for the K° — K° system and
Cp e*¥Bs =1 — |Rtt(ABq)| {AfR(Bq)} * . (6.61)
! SO(xt)BBan /\tLL(Bq)
for the Bg — Bg. The simplified matrix in equation (6.58) yields
{AFR(Bd)} " CodisVip £i(61-6) {)‘fm(BS)} T SV ei(#2=5s) (6.62)
A (Ba) Vid| APH(Bs) Vi
and consequently
) 24| Ca3S13VE , 2| So5V I
sin 205, = —'C—;'% sin(gy — f),  sin2pp, = —‘OB‘ g”;f sin(gs — 4,), (6.63)
d td s ts

where we have defined
_ Ru(By)
g = ——— .
So(iUt)BBqUB
For a reasonable choice of the parameters My, = 2.5 TeV, My = 16 TeV and s = 0.1,
while additionally using only central values for remaining parameters, one finds

IRy(K)| =91,  |Ru(B,)| =057, |24 =036, |z|=034.  (6.65)

Furthermore under the assumption of scenario 1, recalling that the SM value for Syx
agrees already well with the experiment, we can approximately set ¢; &~ 5 leading then
to negligible NP effects in Sy x,. Consequently, ex and Sy4 are governed by the phases
P2 — 23 and ¢o, respectively. Reproducing the experimental value of i requires then
¢2 > 23 — B35, which implies automatically an enhancement of Sy4. In the following we
want to concentrate on correlations between ex, Sy, Sy, AMg and AM;.

(6.64)
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6.5.5. Numerical results

We briefly want to illustrate our findings with the help of a simplified numerical anal-
ysis, neglecting the errors in the LH mixing matrix and other parameters. Instead,
we fix all values to their central values according to section 3.3.3, except |V,;| which
we have already defined in scenario 1 and v = 68°. Mixing angles and phase of the
simplified matrix for V' were scattered under the following assumptions: we choose
o1 = B, 513 = 3 - 1072 and the remaining parameters are varied according to 593 < 0.2
and 20 — B, < ¢9 < ™+ 28 — [B,. This treatment allows a transparent demonstration
of the behaviour of correlations. At the same time it displays how a more precise mea-
surement of the CKM elements can help not only to find tensions between observables
but also to deduce details of the underlying model.

In figure 6.12 we present the correlation between e and Sy. Here we have imposed the
experimental constraints from AM, and AM,;. We find that ex is in good agreement
with the data for S93 £ 0.05 and 45° < ¢ < 50°, in turn enhancing Sy with respect to
its SM value. As one can easily deduce a larger value for ¢, is linked to a smaller So3
in order to satisfy the experimental data on ex. Thus the ex anomaly is solved and in
case of a precise measurement of Sy, the values for 53 and ¢, can be extracted.

Now we have to examine whether the tension in €k is resolved and not just shifted to
a different set of observables. To this end we consider the correlation between AM;
and AM, normalised to their SM values as illustrated in figure 6.13. Here we also
have taken into account the constraint from . We realise that values for both mass
differences lie somewhat below their SM predictions, which is favoured by experimental
data. To go into more detail, AM, is very close to its experimental central value. It
is not surprising that the value of AM, varies only in a very small range, since this
observable is mainly influenced by ¢, and 513 which are fixed in our consideration. The
observable AM, can also be suppressed. Requiring that the values lie in the allowed
experimental region (indicated by the grey band), we find that due to the correlation
with Sy, the following values are preferred: moderate enhancement with Sy, < 0.4
(light-blue points) or large enhancement with Sy, ~ 1 (red points). The latter value
however is disfavoured by the latest data from LHCb.

Finally we want to mention that a nice “side effect” of our simplified matrix is that
the V¥ value is close to one. The branching ratio Br(B — Xv) is then automatically
enhanced with respect to its SM value, which is favoured by experimental data.

6.5.6. Outlook

In the previous sections we have introduced a new simplified parametrisation for V%
and demonstrated that SM flavour tensions can be resolved. Here we want to quote a
reference point, in particular

513=3-107°, 53 =0.03, 4 =8=21°, ¢y =50, (6.66)
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Figure 6.12.: Correlation between Sy, and ek in scenario 1 for fixed values of ¢; = 8
and 513 = 3-1073. The red dot denotes the central SM value. The black curves
illustrate the lines of a constant ¢, while values for 593 are encoded in colour. The
grey band corresponds to the region of ex preferred by experimental data.
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Figure 6.13.: Correlation between AM,; and AM, in scenario 1 for fixed values of
¢1 = B and §13 = 3- 1073, Different values for Sy4 are encoded in colour. The grey
band represents the preferred experimental region.
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which represents a possible solution. The observables of our consideration are then
given by
Syxs ~ 0.67, lex|~2.2-107%,  Sys~0.27, (6.67)

and
AMy~0.51ps?, AM, ~ 17.4,ps ™ . (6.68)

It should be mentioned that our matrix V# is chosen in the most simple way and
a further reduction of parameters would not allow a resolution of the SM anomalies.
However, there might exist other simplified parametrisations which are equally effec-
tive. We also want to remark again that in our discussion so far we have neglected
both theoretical and parametric uncertainties in order to establish various correlations
cleanly.

In summary, we are able to draw conclusion about a possible structure of V# only
using hints from existing flavour data. With improved measurements, especially of the
observables Sy, Syrg and |Vy|, such methods will gain in importance. It should also
be stressed that direct collider searches for NP are not sensitive to the structure of V.
Thus, even in case of a discovery of a heavy W directly, the study of flavour physics is
indispensable in order to reveal details about a specific model. In this sense low energy
flavour data can give us remarkable and complementary information about physics at
high energy scales.
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7. Comparison with other models

After having studied two different approaches towards RH currents in detail, it is now
interesting to summarise both the common grounds and differences. Furthermore we
want to compare the two models with other bottom-up and top-down approaches. The
models in comparison are consciously chosen with properties similar to their coun-
terpart, although we will demonstrate that in spite of these similar patterns different
results in flavour observables can be obtained. We compare two effective approaches
which incorporate the idea of MFV in two different ways. RHMFV makes use of an
extended MFV principle, matched to the idea of RH currents. In the second effective
approach in the 2HDMjpry |54, 211], a two Higgs doublet model, the MFV hypothesis
is implemented with additional flavour blind phases. We also compare the LRM with
the Randall Sundrum model with custodial protection (RSc). The comparison of these
models is attractive since both top-down approaches have the same gauge group and
exhibit a similar symmetry breaking pattern.

7.1. Comparison of RHMFV and the LRM

7.1.1. Comparison of the theoretical setups

Let us start by comparing the two models which are the main topic of this thesis. First
of all both approaches address right-handed currents in a quite different way. While in
RHMEFYV we consider an effective theory, the LRM can be understood as a full renor-
malisable theory.

Comparing the symmetry structure of the two frameworks we realise that both are
based on the SU(2); x SU(2)g x U(1)p_r setup. Whereas in RHMFV the symmetry
acts globally, in the LRM it is gauged and hence local. Consequently the particle con-
tent is different in each case. The LRM features the heavy gauge bosons Wgr and Z’
together with a bunch of heavy Higgs particles, where only the two flavour changing
Higgses HY and HY and the H' as discussed above play a role in our analysis. On
the other hand in RHMFV only SM particles contribute directly. The number of pa-
rameters is similar in both models, with the RH mixing matrix providing in each case
9 additional parameters. While the same general parametrisation can be chosen for
this matrix, phenomenologically both scenarios turn out to be very different. We will
discuss this in more detail in the following section.

We have a similar right-handed scale in both models. In particular the typical scales
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are set by the parameters ep = O(107%) and cse? < O(107?) for RHMFV and the LRM
respectively. It should be stated that while in RHMFV the scale is fixed by data from
tree-level decays, in the LRM we obtain it by the study of EWP observables and direct
bounds on the My, mass.

The FCNC protection mechanisms of both models are very different. While in RHMFV
we imposed a generalised MFV principle, in the LRM the GIM mechanism linked to
the unitarity of the mixing matrices provides a partial protection. In contrast to the
SM, flavour violation is mainly introduced by the non-standard tree-level Higgs contri-
butions. These dangerous contributions can be softened by a large Higgs mass. A mass
as low as 3 TeV is allowed without violating experimental constraints. However, in this
case the RH mixing matrix has to exhibit a very special structure in order to keep the
NP effects under control. It should be noted that the GIM mechanism is violated in
the left-right contributions to Wilson coefficients.

The LRM cannot be matched to RHMFV just by integrating out the heavy fields.
We provide two arguments to justify this statement. The first is obvious, only a very
specific and non-trivial pattern of symmetry breaking can be linked with the spurions
responsible for breaking the custodial symmetry in RHMFV. The generalised MFV
assumptions provide a specific flavour structure for the effective couplings, which are
absent in the more general case of the LRM. Secondly, the operator structure of both
models is qualitatively different. By construction, RHMFYV involves only the operators
QVLL QVER and QFE. The operator QL% is assumed to be generated only by QCD
corrections. As we have previously shown, in the LRM we can classify the impact of
operators into three main categories:

e The tree-level exchange of a colourless Higgs scalar generates the operators Q7%
Q7R and QLE, but in our case keeping contributions up to O(e?) only the LR
contribution matters.

LR

2

e Charged Higgs box diagrams generate the same operator as in the neutral

tree-level case, at O(€?) .

e Box diagrams with internal charged gauge bosons carrying both LH and RH
couplings generate the operators QY FL, QY and QL% at O(e?). The operator
QI is also generated but emerges with its leading term at O(e') and is thus
neglected in our analyses.

In the LRM the leading effect for QL® comes from QCD operator mixing. In spite of
the fact that the inclusion of scalar currents provides a larger basis of operators, the
main difference of both models effectively occurs only in the appearance of the opera-
tors QI and QIE. In an explicit model the operator QI (together with the operators
QYL and QY R) usually appears in the presence of a tree-level exchange of a colourless
gauge boson with LH and RH couplings, such as typical for Z’ models or gauge flavour
models [212]. Hence the effective AF = 2 Hamiltonian of RHMFV should correspond
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to a full theory where such exchanges are involved. This is clearly not the case in the
LRM, where NP enters mainly through the impact of the operator QX%.

In summary, the two approaches considered in this thesis provide a complementary
view of RH currents. We stress again that RHMFV cannot just be seen as an effective
theory of the LRM with the heavy particles integrated out.

7.1.2. Comparison of the flavour phenomenology

The differences elaborated above can be seen in the phenomenology. First we want
to compare the structure of the RH mixing matrices. In RHMFV the RH matrix was
constructed with the motivation of a large Sy4. On the other hand, in the LRM possi-
ble structures are obtained as results of our numerical analysis, starting from the most
general parametrisation. It turns out that their particular structure is very different.
This can be explicitly deduced from the size of elements by comparing figure 6.6 and the
entries of the matrix given in equation (5.10) corresponding to the LRM and RHMFV
respectively. With more precise data a measurement of their corresponding entries
could help to distinguish both scenarios. Furthermore we have already demonstrated
in detail that unlike in RHMFV the |V,,;| problem cannot be solved in the LRM. This
is partly since the experimental bound on the mass of Wx has been increased.

Now we turn to AF = 2 observables. RHMFV was originally designed to explain a
large Sye. In order to obtain a small or even negative Sy4 one would have to redo
the analysis under this special requirement. Our LRM analysis is in this context much
more flexible since we obtain Sy4 as a prediction, where values in the full range are
possible. In the LRM, all SM tensions of flavour observables can be resolved, even with
a reduced parametrisation. This is not the case in RHMFV where the Sy, sin(20)
tension remains. Further, in RHMFYV the ek constraint implies potentially large effects
in B, mixing together with negligible effects in B; mixing. A similar pattern exists in
rare B, decays. The B, sector of the LRM follows a structure similar to RHMFV. In
more detail we have identified a rough hierarchy pattern of NP effects By < By, < K.
A future study of rare decays within the LRM will help to distinguish both models by
their correlations. Finally, neither model explains the anomalous Zbb coupling.

7.2. RHMFV versus 2HDMygy

7.2.1. A very brief review of the 2HDMy;s; model

In this section we want to give a brief summary of the 2HDMj framework. For a
detailed model description we refer to the original papers [54,211|. Subsequently, we
compare their main findings to RHMFV and elaborate differences as well as prospects
of both models.
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As already mentioned above the 2HDMj belongs to the class of two Higgs doublet
models. The Yukawa interaction includes in this case separate terms for both Higgs
doublets, which couple to up and down quarks. Consequently, the mass matrices for
up and down quarks appear as linear combinations of up and down Yukawas couplings,
respectively, and hence cannot be simultaneously diagonalised for generic Yukawa cou-
plings. This is the origin of potentially dangerous Higgs mediated FCNCs at tree-level.
A realistic model hence seeks for an appropriate suppression mechanism of such con-
tributions, which is guaranteed in [54] by inclusion of the MFV principle.

The flavour symmetry, identical to the original MFV setup and given in equation (2.4),
is only broken by two independent terms Y, and Y,, similar to the original setup. Hence
spurions will follow the known transformation properties as given in (2.5). Due to this
property the Yukawa coupling matrices in the two Higgs doublet case can be expanded
at lowest order in Y, and Y,,, respectively. More generally speaking one obtains a poly-
nomial containing the two left-handed flavour invariant combinations YUYJ and YdeT.
The corresponding coupling coefficients are in general taken to be real, but it is consis-
tent with the MFV principle if they additionally carry new flavour-blind CP-violating
phases [80-82|. At this stage the role of electric dipole moments (EDMs) is often dis-
cussed, which are known to set strict bounds on such flavour blind phases (FBPs).
However a detailed analysis of the authors in [211] shows that the upper bounds from
EDMs still allows for sizable effects from FBPs.

For completeness it should be mentioned that additional phases in the Higgs sector,
in particular the Higgs potential, can be present. These then enter into the mixing
induced CP asymmetries Syx, and Sye, and can hence change their correlation. We
will not follow this aspect here further. However, it should be noted that this possibility
is interesting since the most recent data on Sy, indicates that some FBPs in the Higgs
potential might be necessary.

7.2.2. Comparison of theoretical aspects

At first sight the two setups of RHMFV and 2HDMj; seem to be very similar. Both
are effective approaches implementing the idea of MF'V. However, the flavour groups in
each case are different. Our LR symmetric flavour group is less constraining than the
full ME'V group in (2.4). Here we should also mention the additional FBPs exist in the
two Higgs doublet case which do not appear in RHMFV. Finally there is an extended
Higgs sector in (2.4), opening the possibility for new scalar contributions, while in our
approach we have a SM Higgs sector. Obviously, this leads to an extended particle
content in the Higgs sector for the 2HDMjg model, including three neutral Higgs
fields with flavour violating couplings and additionally charged Higgs fields. We want
to remark that two spurions P, ; in RHMFV can also be interpreted as the remnant
of two different VEVs stemming from a two Higgs doublet model. The Higgs can then
be understood as an effective light Higgs appearing from a linear combination of two
Higgs fields with similar VEVs and heavy masses.
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Let us now take a closer look at the operator structure. As we have seen in equa-
tions (5.5) and (5.8), at the high scale RHMFV selects Q} #% and QL% while Higgs
exchanges in 2HDMjmy mainly take place through QI%. Tt should be stressed that
these high scales differ in the particular models. The masses of the new neutral scalars
is expected to be smaller by one order of magnitude than the relevant scales for RH
currents. Under consideration of QCD renormalisation group effects in RHMFYV the
operator basis is given by equation (4.2), while for 2HDMjpy the full set of operators
as given by both equation (4.2) and (4.3) has to be considered. Interestingly the RG
effects for PL® and PF% are roughly of the same size.

In spite of the fact that both models control FCNCs by the MFV mechanism or some
extended version, practically the suppression turns out to be very different. Considering
AF = 2 observables in case of 2HDMy one realises that the Wilson coefficients of
the NP contributions in K° — K° BY — B} and BY — BY mixing come with a mass
suppression proportional to the product of their external quark masses according to
msmg, mymg and mymy, respectively. In RHMFV the breaking of flavour universality
of non-standard contributions is entirely determined through the RH mixing matrix.

7.2.3. Comparison of the flavour phenomenology

Now we are ready to compare the phenomenology of AF = 2 observables. Obviously in
2HDMymy, the NP contributions are mainly determined by the mass pattern described
above, leading to negligible effects in K°— K°, followed by suppressed effects in B} — B9
while in B? — BY mixing larger effects are possible. The particular size of contributions
in B; and B, system appears in a correlated manner, approximately the following

relation is valid [52]
mq 1
N — . 1
B, X [P, (7.1)

By =
ms

Hence the FBPs only have impact on AB = 2 transitions. This implies that the highly
constrained ek is not directly affected. The modification of the relation between the
CKM phase 8 and the NP phase ¢p, according to equation (4.17) allows to extract
a "true” value for [ which is enhanced with respect to the SM result. Therefore it
is in favour of relaxing the SM tension existing in ex and sin(2/). Furthermore the
correlation of phases (7.1) allows for a large CP-violating phase in B? — B? mixing,
hence a large Sy4, while at the same time the tension between the SM prediction and
experimental value within Syx becomes weakened. Finding a negative value for Sy,
experimentally would rule out the model.

We note that the 2HDMyp; solves the e problem in a way similar to the mechanism
in RHMFV. Instead of increasing the SM tension in Sy, like in RHMFV, the situation
in the two Higgs doublet is favourable. Here we want to stress that in 2HDMjz only
the impact of the FBPs can give rise to CP violating effects big enough to explain siz-
able effects in B, mixing in particular Sy,. Consequently the question arises whether
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FBPs can also help to cure the problem in the RHMFV model.

Let us allow for a moment such phases in RHMFV. Then the expansion of contributing
bilinears contains terms each with a complex coefficient. However the operator OS}% of
equation (2.26) consists of a squared bilinear, consequently the complex phase would
cancel. Therefore such phases could just contribute to O(LG])%, given in equation (2.27),
and then appear in the subsequently derived formulas only in terms containing the
coefficient czz. We find that in this case the same effect as in the 2HDMy; cannot
be reproduced and such phases cannot cure the tension in Sy k.

On the other hand it should be noted that the 2HDMy; model favours large values
of |V|. Here no natural explanations for the different determinations of |V;| can be
found as it was the case in RHMFV.

Finally, we compare AF = 1 observables. Here the role of the decays Bsq — putpu~
is important. Due to the scalar FCNC operators in 2HDMjy7, both branching ratios
can be enhanced by one order of magnitude relative to the SM value so that both
decays can come close to their present experimental limit. This takes place without
coming into conflict with constraints from ex and large Sy4. Moreover the known MFV
relation is approximately preserved and a strict linear correlation is obtained. Recall
that in RHMFV effects in B, — ptp~ were smaller, while in By — p*p~ negligible
after imposing a large Sy,. Hence the relation for B; 4 — pp~ typically obtained in
MFV models is strongly violated here.

7.3. Comparison of the LRM and the RSc

7.3.1. The Randall-Sundrum model with custodial protection

In this section we want to compare the LRM to the Randall Sundrum model with custo-
dial protection (RSc), which we have extensively studied in [19] and wherein a detailed
model description can be found. Here we just briefly review the basic ideas of this class
of models. Models with a warped extra dimension and bulk fields have received a lot
of attention in the last years [13-16]. They not only provide a geometrical solution to
the hierarchy problem, but also naturally generate the hierarchies of fermion masses
and mixings [20,21] while keeping FCNCs efficiently under control [213,214].

The central feature of such models is a warped metric [13], given by
ds? = e M, dztds” — dy? (7.2)

where the extra dimension, characterised by the variable y, appears with an exponen-
tial warp factor depending on a curvature scale k. The five dimensional space-time is
then described by a brane scenario: two four-dimensional branes, the so called Planck
and TeV brane, and the five-dimensional (5D) bulk along the extra dimension. The
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effective energy scale turns out to be suppressed by the warp factor along the extra
dimension. Since gravity propagates in the bulk while the Higgs field remains confined
on the TeV brane, the warping then can generate the huge hierarchy between the scale
of gravity and the electroweak scale.

In order to guarantee a sufficient suppression of higher dimensional operators, being
linked to FCNCs and electroweak precision tests, SM fields have to propagate in the
bulk. Hence fields appear five-dimensional and have to be treated in terms of Kaluza-
Klein (KK) decomposition. Consequently each fields consists of a light zero mode,
being assigned to the corresponding SM field, and a tower of heavy KK modes. In
general the KK modes have masses of O(1 TeV) and hence are light enough to be ac-
cessible at LHC. Higher modes have increasing masses, thus it is phenomenologically
justified to truncate the KK tower and restrict to the first mode as done in this anal-
ysis. In addition each mode is characterised by a profile in the bulk. In this way
different flavours can be described by different localisations in the bulk. The overlap
with the Higgs field on the TeV brane then determines the fermion mass. Thus, when
assuming anarchical O(1) Yukawas in the 5D theory, the effective 4D Yukawas exhibit
a hierarchical structure so that typical quark mass patterns are generated automatically.

The appearance of sources of flavour non-universalities in this class of models is two-
fold. Due to the different fermion localisation in the bulk non-universalities remain
in the gauge couplings after rotation to mass eigenstates. Furthermore electroweak
gauge bosons of the same charge mix due to EWSB and leading for example to non-
universalities in the Z coupling. To this end FCNCs can appear at tree-level [210,213-
215]. However, these potentially dangerous effects are controlled by a powerful protec-
tion mechanism, compactly described as the RS-GIM mechanism [213,214]. It keeps
the effects in flavour-changing transitions for light quark generations to be small.

In order to construct a realistic model of EWSB in this framework, constraints from
electroweak precision tests, as given by the T parameter and the Zbyb;, coupling, have
to be taken into account [216,217|. Consistency can be achieved by an enlargement of
the bulk symmetry according to [17,18,23,27,218,219]

Gbulk:SU<3)cXSU(2)L XSU(Q)RX U(l)X XPLR, (73)

where Ppp is a discrete symmetry interchanging the two SU(2) groups. The symmetry
breaking is achieved by a combination of choosing appropriate boundary conditions and
spontaneous symmetry breaking due to the Higgs field. The EWSB induces a mixing
between SM zero modes and heavy KK fields, leading to a non-trivial structure for
flavour-changing transitions.

7.3.2. Comparison of the theoretical framework

The LRM and the RSc feature a few common properties. Starting from the fact that
both are top-down approaches, the gauge group and its breaking pattern are similar in
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both cases. However, we want to point out that in the 4D dual description of the RSc
the SU(2)r appears as global symmetry according to the AdS/CFT correspondence.
Furthermore the additional Prr symmetry in RSc gives rise to equal left and right
gauge couplings. This has been deliberately avoided in the LRM in order to create a
more general framework and allow for a small left-right asymmetry. Furthermore the
realisation of a brane scenario makes use of a new form of symmetry breaking imple-
mented by boundary conditions. In both models we obtain new particles due to the
enlarged symmetry, set to be at a NP scale around (2 — 3) TeV. The KK expansion
leads to additional modes for each gauge boson with respect to the LRM, such as the
KK gluon, the KK photon. In the electroweak sector in total the new gauge bosons
Wﬁ, W'*, Zy and Z' appear. In the fermion sector of the RSc exotic charged fermions
can arise, expected to be much lighter than the gauge boson states.

A striking difference is the fact that the RSc explains hierarchies. This refers to both
the hierarchy problem as well as hierarchies in masses and mixings. In the LRM, the
RH mixing matrix appears without explanation.

The flavour pattern of both models is very different. We have outlined the mechanisms
of protection from large FCNCs in each model previously. Here we just summarise the
fact that both models violate GIM in different ways. FCNCs at tree-level appear in both
models. While in the LRM these tree-level contributions arise solely from the neutral
Higgs diagrams, in the RSc tree-level transitions are mediated by the electroweak gauge
bosons and the KK gluon. The dominant tree-level exchanges of the KK gluon then
generate the operators QYVLE, QVEE QM and QLf. Recall that in the LRM the
exchange of colourless gauge bosons with LH and RH couplings lead to Q} %L, Q%
and QL. The operator Q4F provides the dominant effects in K — K° mixing in the
RSc, due to RG effects and chiral enhancement. For BY — BY mixing Q) ** turns out
to be dominant. In principle tree-level flavour changing Higgs couplings also exist in
the RSc but they play a subleading role [220,221].

7.3.3. Comparison of the flavour phenomenology

Finally, we want to summarise very briefly the main effects observed in phenomenol-
ogy [137,222].

The strongest constraints in AF = 2 observables in both models arise from the g
constraint. In the context of this observable in the RSc often a “fine-tuning problem”
is mentioned implying a large fine-tuning in order to keep an anarchic structure of
the 5D Yukawa couplings while keeping the KK scale low [210]. On the other hand
in [222] it was shown that regions of parameter space with low fine-tuning exist being
in accordance with all constraints from AF = 2 observables. It should be stressed that
the density of points in the corresponding plot of the same paper has only numerical
but no physical significance. Therefore, we have avoided such a presentation in our
analysis of the LRM. Still in the RSc the fine-tuning problem is more severe since it
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gets reintroduced at one loop level due to the large 5D Yukawa couplings close to their
perturbativity bound. In addition one of the main motivations for the RSc was a solu-
tion to the flavour hierarchy problem with anarchic fundamental couplings, while the
LRM does not claim to provide a theory for flavour hierarchies.

In the RSc the effects on mass differences in the Bg — Bg system are suppressed by
the RS-GIM mechanism. However NP effects still enter such that the Syx,— sin(25)
tension can be resolved. Similar results are obtained in both models for the CP asym-
metry Syg, in particular —1 < Sy < 1 can be found in both cases.

Let us now consider the results for rare decays. Since in the LRM we did not explicitly
consider rare decays (except B — X), we can only use our estimates from section 6.4.2
indicating a rough pattern of NP effects for rare decays according to B; < B, < K.
Interestingly this pattern matches with the pattern obtained in the RSc: effects in in
rare K decays are generally bigger than effects in B physics. We hope to study the
detailed phenomenology of rare decays for the LRM in a separate publication.

Finally let us take a look at the decay B — Xyv. Generally the contributions in both
models are of very different nature. While in the LRM the m; suppression can be
overcome by a chirality flip inside the loop, in the RSc the primed operators, domi-
nantly C7_, play an important role [1,214,223]. In both cases however the value for the
branching ratio can be enhanced with respect to the SM value and brought into better
agreement with the experiment.

Since the well-measured AF = 2 observables mainly act as model constraints, from the
point of view of flavour physics, only a study of rare decays their correlations will help
to distinguish these two models. In this respect, direct collider searches can provide
valuable information.
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8. Summary and conclusion

The true nature of physics beyond the SM is one of the fundamental questions of con-
temporary particle physics. In order to test the viability of a specific model, one has
to carefully take into account all experimental data, among which flavour observables
play an important role. On one hand anomalies and tensions in flavour observables of
the SM give us hints where NP can enter. On the other hand the constrained pattern
of flavour observables as well as the identification of specific correlations make them an
important tool to probe NP at the intensity frontier, complementary to direct collider
searches at the energy frontier. Further, exploring TeV scale physics through direct
collider searches is experimentally a highly complex undertaking. Due to the large
amount of data, one needs a clue from theory where to look for NP. In contrast, the
measurement of flavour observables does not depend on certain model assumptions but
its results can be interpreted in the context of a specific model.

In the present thesis, we have addressed the question whether RH currents can provide
a realistic NP framework in terms of a comprehensive analysis of flavour observables. In
this analysis emphasis was put on the well-measured FCNC observables of the AF' = 2
sector related to the particle-antiparticle mixings K — K° and BY, — By ,, but various
rare decays were also considered.

We have analysed two complementary models for RH currents taking a bottom-up
and a top-down approach. These two approaches also differ in their inherent operator
structure and their specific flavour protection mechanism. This implies that these two
models cannot be matched by integrating out heavy particles in the explicit approach.
Yet, both models have an underlying SU(2), x SU(2)r x U(1)p—r, electroweak symme-
try structure in common, global in the bottom-up approach and local in the top-down
approach, leading to RH currents. In both cases the flavour mixing of the RH sector is
controlled by a new RH mixing matrix. A further key feature of such models with RH
currents is that new left-right operators appear having significant impact on AF = 2
observables. In more detail, in the RHMFV and in the LRM the operators QF? and
QI® dominate respectively. Both operators are known to be strongly enhanced due to
renormalisation group evolution to low energy scales and in the K — K° system the
additional chiral enhancement of the hadronic matrix element has to be taken into ac-
count. Thus models with RH currents are automatically highly constrained by FCNC
observables, especially by the precisely measured CP-violating parameter .

We first introduced the effective field theory approach of Right-Handed Minimal Flavour
Violation. A central ingredient in this model is a left-right symmetric flavour group bro-
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ken only by the Yukawa couplings, leading to an extended MFV principle. This specific
flavour protection mechanism distinguishes our analysis from previous considerations
of RH currents within the effective field theory framework. We have shown that in this
model the RH mixing matrix can be determined by charged current data, theoretical
bounds such as the unitarity constraint and phenomenological bounds such as the pat-
tern of AF = 2 observables. The determination of the full RH mixing matrix is a novel
feature in contrast to previous considerations [45,46] which mainly concentrated on the
elements |V, and |Vg|. The explicit form of this matrix and responsible factors for
AF = 2 observables are summarised in the schematic formula of equation (5.10) and
in table 5.1 respectively. The new RH interactions are encoded in the effective theory
by means of dimension six operators in accordance with the symmetry principles. This
allows us to determine NP effects without specifying the fundamental theory but only
with information about global symmetry and the pattern of its breakdown.

Our findings for the most important phenomenological implications of this model are
as follows:

1. In this model the |V,;| problem can be solved, providing an explanation of the
different values of |V,,;| from measurements of inclusive and exclusive semi-leptonic

decays. The inclusive value is favoured in this case, giving the “true” value for
|Vib|-

2. The ex anomaly can be understood since the increased “true” value for |V,
goes in hand with an enhancement of sin 23. Thus experimental and theoretical
values for ex can be automatically brought into better agreement, as opposed
to the SM where inclusive and exclusive determinations are averaged, leading
to a lower value of sin23. New CP violating phases can still be present, since
theoretical errors allow an extra contribution of ~ £10% to ek, however they are
not necessary.

3. A non-standard CP-violating phase in B, mixing allows for a large Sy, driving
in conjunction with the ex constraint the effects in the By sector to be negligible.

4. Thus, the indicated small NP phase in the B, sector and the large sin 23 imply
that the j;’;?s — sin 23 tension becomes strengthened, unless Sy4 is SM-like, as
we discuss below.

5. The desire for a large Sy, implies small effects in rare By decays while contri-
butions to rare B, decays still can be sizable. As an explicit example, we have
considered the decays Bys — utp~. The decay By — ptp~ only obtains negli-
gible corrections compared to the SM, while the branching ratio of By — p*u~
maximally is enhanced by an additional factor of 5. Consequently, the strict cor-
relation from MFV is violated in this framework. In particular, the study of the
decay B, — pTp~ is interesting since it can be potentially measured within this
year at the LHC.

116



8 Summary and conclusion

6. We have also shown that there exists a well-defined pattern of correlations in
various other decays. We have explicitly shown the correlations for Br(B — Kvv)
and Br(B — K*vv) and for Br(K™ — ntvw) and Br(K, — 7'vr). Significant
deviations from the SM branching ratios are possible.

7. Finally, the anomalous RH Zbb coupling cannot be explained in RHMFV, pre-
cluded by the constraints from By, — putpu.

In summary, not all tensions could be resolved within RHMFV. However, these tensions
are within the uncertainties in measured and theoretical quantities. In our analysis we
have assumed a large Sy, motivated by the Tevatron results. Recent experimental
developments now point towards a smaller or even negative value, but the statistics
have to be improved in order to obtain a reliable and final answer. Still a large value
Sye ~ 0.4 is not excluded. A SM-like Sy, would allow for larger effects in By mixing
and potentially cure the sin 23 and Sf;}?s tension. In our effective theory approach, the
assumption of a large Sy,4 was implemented by hand. This helps to make certain simpli-
fying approximations, which have significant impact on the phenomenology. Therefore,
relaxing the assumption of a large Sy, would require a completely renewed analysis,
which is beyond the scope of this thesis. In this sense, our effective theory is limited.
However, the effective theory approach makes it possible to explore regions of NP and
estimate the magnitude of the NP effects without specifying the fundamental theory.
Furthermore the systematic expansion can help to identify easily the leading operators
and lend a transparent view on how they are bounded by various processes. This is in
particular useful in AF = 2 processes due to a small number of operators. In AF =1
processes the set of contributing operators is much larger.

The second model considered in this thesis is the Left-Right Asymmetric Model. We
have adopted a very general framework allowing for a splitting in the left and right
gauge couplings. Furthermore, the RH mixing matrix is incorporated in its most general
parametrisation without further simplifying assumptions. Due to the enlarged gauge
symmetry new particles appear in the gauge and in the Higgs sector, contributing to
FCNC processes. In the AF = 2 sector we concentrate on the following observables:
the mass differences AMy, AM, and AM,, the CP-violating parameter ¢k, the mix-
ing induced CP asymmetries Sy, and Sye, the semileptonic asymmetry Al and the
width difference AT',. These observables obtain new contributions, which arise through
box diagrams due to Wy gauge boson and charged Higgs exchanges but dominantly
through tree-level exchanges from heavy neutral Higgs bosons. We have also considered
the decay B — X7, where NP contributions appear due to the W — Wx mixing and
dominantly through charged Higgs exchanges.

In view of many existing studies of LR models it is important to summarise once more
the novelties of the present analysis.

e We kept the theoretical framework as general as possible.
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We have explicitly elaborated the importance of the contributions of heavy Higgs
fields to flavour observables. On the contrary, many studies neglect the Higgs
effects, citing the large mass of the heavy Higgs fields. Figures 6.3 and 6.4 sum-
marise the importance of the neutral and charged Higgs fields for AF = 2 ob-
servables and the decay B — X, respectively.

Our analysis includes an improved treatment of QCD corrections.
We present an extensive set of Feynman rules, collected in appendix F.

The central aspect of our consideration is a simultaneous analysis of the most
interesting AF = 2 observables and B — X7, while taking into account all rel-
evant constraints such as from tree-level decays, electroweak precision tests and
direct experimental bounds. We also require the mass Wx boson to be of the order
2 — 3 TeV and hence accessible at the LHC. Since many previous studies concen-
trate on lower bounds for the masses of heavy new fields, such a comprehensive
analysis is new.

In the following we summarise the main results of our phenomenological study

1.
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We determined phenomenologically viable structures of the RH mixing matrix.
Our result is explicitly given in figure 6.5, showing allowed regions in parameter
space in terms of |VR| |[VE| and |[V}|. We could identify two scenarios which
satisfy all constraints including the dangerous € g-constraint without imposing a
large fine-tuning of parameters.

. We have shown that NP effects are expected to be the largest in the K system

followed by effects in the B, system. Smaller effects can be found in the B,
system. This pattern of hierarchy is compactly summarised in figure 6.7. This
plot also allows us to predict a similar hierarchical pattern for rare decays within
the corresponding meson systems.

. We have explicitly considered the decay B — X,v, which has a special role

due to its precise measurement providing a strong constraint for any NP model.
The LRM allows an enhancement of its branching ratio bringing theoretical and
experimental values in better agreement compared to the SM value.

We studied the possibility of correlations between observables. In view of many
free parameters only model-independent correlations exist such as the correlation
of A§; and Sye, shown in figure 6.8. As can be seen the observable Sy4 can vary
in the full range.

The anomalous RH Zbb coupling cannot be explained in the LRM.

Surprisingly, the |V,;| problem, being one of the main motivations for our consid-
erations of RH currents, cannot be solved. This is mainly due to the increased
bound on the mass of the Wg boson as indicated by LHC in conjunction with
constraints from FCNC and EWP observables.



8 Summary and conclusion

7. We also have investigated the question of a soft lower limit for the heavy Higgs
mass. Interestingly, as shown in figure 6.11, a value as low as My ~ 2.4TeV is
in accordance with all constraints imposed by us.

8. We have presented a simplified parametrisation of the RH mixing matrix depend-
ing on only four free parameters, given in equation (6.58). While in the general
parametrisation flavour anomalies could be solved due to many parameters, the
proposed parametrisation still allows to remove all SM tensions between flavour
observables demonstrated in the scenario of a small |V,;|. This specific choice of
|Vip| 1s justified since without a solution of the |V,;| problem any measured value,
both inclusive or exclusive, is equally likely.

We have then compared both models considered in this thesis directly. Experimentally
both models can be distinguished by the structure of the RH mixing matrix once more
precise flavour data is available. A detailed study of rare decays and related correlations
within the LRM is expected to improve such a distinction. However such an analysis is
beyond the scope of this thesis and is left for future work. We have further compared
RHMFYV to another effective field theory approach: the two Higgs doublet model with
MFYV and flavour blind phases. The two models can be explicitly distinguished via the
correlation of the decays Bys — ptp~. The situation is less obvious when comparing
the flavour phenomenology of the LRM to the Randall Sundrum model with custodial
protection. The consideration of AF = 2 observables and the decay B — X, is not
sufficient for a unique distinction between the models and a study of rare decays would
be needed.

We are now able to answer the questions formulated in the introduction of this thesis:

e Do RH currents provide a realistic extension of the SM?
Yes, with respect to the current available data RH currents provide a realistic NP
framework.

e Do they solve the existing tensions between flavour observables in the SM while

satisfying all the existing bounds? In particular, can the new CP-violating phases
cure the existing SM anomalies in CP-violating observables? And, can the |V
problem be solved?
In RHMFV the SJ72 — sin 2/ tension remains due to a negligible non-standard
CP-violating phase in the By sector. However, in view of experimental and theo-
retical errors one cannot exclude the model by this argument. Other tensions in
the flavour sector can be resolved in this model. In particular, the ex problem
and the |V,;| problem are solved automatically. Furthermore a large Sy, can also
be incorporated. On the other hand, a small Sy, is expected to improve the S
— sin 2/ tension. In the LRM all flavour anomalies can be solved even with a
reduced parametrisation of the RH mixing matrix. The only exception is the V,,
problem, which cannot be solved within this framework.
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e Can the new RH effects reach present experimental bounds?

In order to confirm the models considered within this thesis, and distinguish
them from other NP models, more precise flavour data or explicit collider signals
for the corresponding new heavy particles are required. New insights for both
possibilities are expected in the current generation of LHC experiments. In the
flavour sector a more precise measurement of the observable Sy, would be helpful
to probe both models considered here. In RHMFYV a precise measurement of the
decay Bgs — p"u~ would be particularly helpful. In the LRM a study of rare
decays is needed in order to obtain sufficient information to distinguish the model
clearly from other NP frameworks. From the estimates of the flavour effects in
different meson sectors we expect the decays K — mvv to be promising.

How far do the two approaches we follow overlap? Does the same RH mixing
structure appear in both models?

The two models considered in this thesis are complementary in their operator
structure and differ in the flavour protection mechanism. This difference is dis-
played explicitly in the structure of the RH mixing matrices.

What is the structure of the RH mizing matriz?

The specific flavour structures of the RH mixing matrix is given in RHMFV by
the schematic formula of equation (5.10) and in the LRM summarised in figure
6.5.

Our analysis of RH currents was motivated by current flavour data. Already existing
data puts strong constraints on the two NP scenarios of RH currents considered here.
Yet, more precise data and the study of rare decays is required in order to decide
whether RH currents exist in nature. The LHC can shed light on this question by
not only providing data for important CP violating observables such as Sy, but also
probing the existence of the heavy gauge bosons W’ and Z’.
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A. The Higgs sector of the LRM

In the LRM the full Higgs Lagrangian is given by
Lrtiggs = Tr[(D,AL) (DM Ap)] + Tr[(D,AR)N (D*AR)] + Tr[(D,) (D" )]

Al
+ V(gba AL) AR) ) ( )
where the covariant derivatives are given by
= S : — -
D,p = 0,0+ig.(Wpr,-T)p—igr¢g(Wr,-T), (A.2)
. — 5 .
DuAwry = OuBr) +191R) [W(L,Rm T A(L,Rﬂ +i9'BuAw.R) -

The Higgs potential in its left-right symmetric form can be written as [36,101,224,225|
V(6 Ar, Ar) = —Te(0'9) — 13 [Tr(G6') + Te(610)] - 13 [Tr(ALA) + Tr(ArAL)

A [Tr(619)]” + Ao { [ Te(d0) t [Tx(6'0)| } + A Tr(60') Tr(670)

+ MTe(16) [Tr(d6") + Tr(é'o)]

2 2

+ { [Tr(ALNL)} n [Tr(ARA;)} }

+ 2 | TH(ALAL)THALAL) + TH(ARAR) TH(ARAR)|

+ psTr(A L ADTr(ARAL)

vy [Tr(ALAL>Tr(A;Ag) + Tr(NLNL)Tr(ARAR)]

+ i Te(6'0) | Tr(ALAL) + Tr(ApAl)]

n {a2ei52 [Tr(q3¢T)Tr(ALATL) + Tr<¢ST¢)Tr(ARAg)} + h.c.}

+ag [Tr(WALNL + T(6 6 ARAL }

(

+ 61 | Tr(pArot Al + Tr(oT A oAl
(
(

)
)
)
Te(¢ArGTAL) + Tr(6TALPA])

)

T ( )
+ B iTr(cEARqs*AE) + Te(9TALoAR,

+ i | Tn( )

(A.3)
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A total of 18 parameters are involved, where we have only one phase d, and real cou-
pling parameters otherwise. It is sufficient to consider the left-right symmetric version
of the potential without generalisation since flavour physics is independent of details of
the Higgs sector, as we will demonstrate below.

We now show that only the parameter a3 is important for our flavour analysis, entering
in the mass of neutral and charged Higgses. To this end we have to diagonalise the
Higgs potential (A.3). We start with the neutral Higgs states, which form an 8 x 8 mass
matrix. This matrix can be systematically diagonalised by making use of perturbation
theory. Instead of following the assumption ' < k by the authors of [36], we keep our
analysis more general and allow for an arbitrary parameter s. This is preferred from
the phenomenological point of view, in particular by the analysis of EWP observables
as indicated in section 3.4.4.

Out of six neutral Higgs fields we are only interested in the flavour-changing neutral
Higgs fields HY and HJ. We obtain the following mass eigenstates

H? = V2(=sRe¢} + cRe(e¢)) , (A.4)
H) = \/5(5 Im ¢} + cIm(e~**¢9)) , (A.5)

with identical masses at leading order

1

« 2
Mo = Mpg = 1——3232/@” = <a3 u(s)) kr = Mpy . (A.6)
The lightest Higgs field hg, given by
W = V2(cRed? + sRe(e ¢))) (A.7)

can be identified as the SM Higgs with a mass of O(v).

The knowledge of Higgs mass eigenstates allows us to deduce leading order couplings
of the heavy flavour violating Higgses HY and HY. We realise that flavour dynamics
is not sensitive to the detailed structure of the potential, therefore leading order cou-
plings do not depend on further parameters of the Higgs potential. Consequently, it is
justified to assume the parity symmetric case for the potential with fewer parameters
than the general potential. We want to also mention that the SM Higgs couplings are
now flavour violating. However this occurs at higher order so the effects are expected
to be negligible.

Similarly one can proceed with the charged Higgs fields, whose effects are subleading
in AF = 2 processes as they take place at the one loop order [102], but can still be
important for B — X,y decays [193,194,196-198,200|. Again only leading order terms
in couplings and masses are important. Finding the eigenvalues of the 4 x 4 matrix
mass matrix of single charged fields yields the relevant masses and mass eigenstates of
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the two charged Higgs fields. Couplings to fermions can be deduced from the Yukawa
interaction. Only one of these fields couples to quarks in leading order, which we denote
by H*, in particular given by

H* = se™¢f + coy . (A.8)

The leading order mass of this field is identical to the one of the flavour changing neutral
Higgses, hence
MH+ — MH . (Ag)

Thus this mass cannot be chosen be light as assumed in some literature.

All our findings agree with results of [36] in the limit of s < 1 as implied by their
assumption of the hierarchy " < k. Earlier studies can be found in [224,225].

B. Goldstone bosons of the LRM

In this appendix we collect all Goldstone boson fields in the LRM, obtained by the
method used by [226]. This procedure allows us to determine the physical Higgs states
up to linear combinations. In order to obtain the full mass eigenstates one has to diag-
onalise the Higgs potential. In contrast, Goldstone bosons can be fully determined by
this method.

The Goldstone bosons of W* and W'* are then given by
Gt = +i [c (1—s'€) g7 — se™* (1= c'e?) ¢3 — ﬁcsemedg] ,  (B.10)

I+ ~ e\ o set C _+
G = 1-— Z 63 -+ Wﬁgbl — EGQﬁQ . (B]_l)

For the neutral Goldstone boson of Z and Z’ we obtain

4 2
G° = \/5(1——6362) 70— B Tm 50, B.12
8 \/5 R ( )

10 V2 C?‘% 2 0 C%% 0
G" = V21— =€ )Imd, — —=em, B.13
( 8 ) i V2 ( )

where we have defined 7° = ¢Im ¢ — s Tm(e™**¢)).

C. Gauge bosons in the LRM

In this appendix we consider gauge boson mass matrices, which can be deduced from the
relevant terms of the kinetic Higgs Lagrangian in equation (A.1) using the covariant
derivatives in equation (A.2). The two step breaking goes in hand with a two step
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rotation of neutral gauge boson fields analogous to our approach in [19], where it is
useful to define the following mixing angles

stg—, crR=14/1— s> S = R =4/1—s?
VIR +gh " V0gL/gr)? + 5% v
(C.14)
Diagonalising in the next step both neutral and charged mass matrices yields the cor-
responding mass eigenstates and masses. For charged gauge bosons we obtain as mass
eigenstates

Wt = WE 4 sceTio2EW 2ppt (C.15)
Sw
W= = Wg—sceii“w?Wf, (C.16)
Sw
and masses
2 e*v’ 22,2
(Mw)? = -5 (1—25¢¢%) (C.17)
28y
e2k? 1
Mw.)? = B (14 =€) . C.18
() = 5 (14 5¢) (©18)

In the neutral sector, both mass eigenstates

A = Swwg + SRCWW}% + CRCWB, (Clg)
Z = cWWL—sRsW<1—4—2 >W1?%
Sw
—CRSW < ) B (CQO)
g SRC%CW 21173 S2RC%% 2 3
= _WE WL+CR 1+TE WR
4
—Sg (1 - %62> B, (C.21)
and masses
(Ma)? = 0, (C.22)
) e2v? Ch o
2% k2 ct
My)? = B (14 £ C.24
o = ot (1+5¢) 20

are easy to verify.
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D. Parameter counting in the LRM

We want to proceed with a brief counting of the relevant parameters for our analysis
in the LRM.

In the gauge sector, we have the parameters from the strong coupling gs and the
electroweak gauge couplings

dr, YR, g/7 (D25)
providing one additional parameter with respect to the SM.

At the first sight, many new parameters seem to emerge from the Higgs sector. How-
ever as we show in appendix A, of the 18 parameters of the potential, only one (to be
more precise ag) is relevant here, parametrising the masses of neutral flavour changing
Higgses HY and HY and the charged Higgs H™.

Furthermore we have to count the parameters from VEVs with corresponding phases.
Also here it turns out that in practice none of the phases defined in section 3.2.2 have
an impact on flavour physics. This is easy to verify: the phase factor e* always appears
in combination with the RH mixing matrix V. Since V' is unitary and every element
of VT carries phases, the phase a can be eliminated by a redefinition of phases in
VE, Additionally another argument holds for flavour observables: the phase « cancels
out in all expressions for FCNC processes. We also set x;, = 0 and hence neglect the
corresponding phase. Finally the remaining parameters from VEVs read

v=VrK2+K? s=k/v, kg, (D.26)

where apart from the SM VEV v two additional parameters can be counted.

Finally, most new parameters stem from the Yukawa couplings. In general the Yukawas
y;; and g;; are arbitrary complex matrices with 9 real parameters and 9 phases each.
In complete analogy to the RH matrix in RHMFV we can adopt the SU(3), x SU(3)g
flavour symmetry and remove unphysical phases. The outcome in terms of remaining
parameters are six quark masses, four parameters from the CKM matrix V* (three
angles and one phase) and the RH mixing matrix V' adding 3 real mixing angles and
6 complex phases.

In total the LRM contains 13 more parameters relative to the SM, out of which 9
describe V. Finally in section 6.5 we introduce a simplified parametrisation with only
four parameters.
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E. SM loop functions

The AF = 2 loop function for VLL operators, as given in section 6.1.2, simplifies to
the known SM form as follows

qay —1lzf + 27 3x}lnz
= = — E.2
So(w) = Spr (e, 31) 41— z,)2 2(1 — )3’ (E.27)
So(l’c) = SLL(.Z‘C, .Z‘C) ~ T, <E28)
2]
So(er ) = Spa(w 1) ~ e [In 2t — 20 ST (E.29)

re 41—z 41 —xy)?

The last two formulae only contain linear terms in x. < 1, since higher orders can be
safely neglected.

F. Feynman rules of the LRM

Finally we want to present a collection of Feynman rules for the LRM. We give cou-
plings up to O(e?) corrections except in the Higgs sector where for our purposes O(1)
couplings are sufficient. All couplings are given in mass eigenstates. Note that we stick
to the “correct” notation of W and W, as introduced in appendix C.

Triple gauge couplings, as given in table F.6, exhibit a specific Dirac structure. In order
keep the table concise, we have only collected coefficients C of the respective couplings,
being defined by

70
1! o

)
C ['T]m,(k’ - P}p + vap(P - Q)p + Npu (g — k)],
k p

Vvt / \

/ 7 l J—

’i/

Note that V,; = W Wit V- = W, W, V) = A, Z,,,Z,, and k,p,q are their
incoming momenta.
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A, Gy
uhuh X, —i%ey“ —igsyH t?
ubun X, —2'267“ —1gs Y t?
didyp X, | —i(=5)er" | —iga*t®
lpdig X, | —i(—=%)ey" | —igy"t°

Table F.1.: Fermion couplings to the massless gauge bosons X, i.e. the photon A,
and the gluons Gl‘:‘.

W 1 7das
ad Xl | RV +mifm2 e 2V g
Udp X, | BV | e Vi

Table F.2.: Fermion couplings to charged gauge bosons W+ and W'*.

A A
: 3 3
—i i ie (1 _ 2.2 2 2 2\ . u . 1 _sg 1/CWCRSR  CRSRN 2\ 1
upuy X, —SWCW(Q 35w — SRCR€ )y w(@cRCW + 5( 2, e )€ )y
_ . 3 3
i Ji ie 1 1.2 1.2 .2 2\ u - (1 _sp _ 1/CWCRSR CRSR\ 2\, 1
drdy X, —SWCW( 5 T 35 — 35SRCRE )Y e (6CRCW g( 5%, + 3w )€ )y
2 : 4
750 o0 e 2.2 CrR(.2 1.2\ 2\~ u e 1 2.2 CRR m
uRuRX# SWCW( 35w + 8 (CR 35}!%)6 )7 chRcR(g 35R + )7
_ 2 . 4 2
i Ji __te 1.2 _ Cr(2 1.2\ 2\ 1 ie 1 1.2 _ CRSR 2\ u
RdRXM chW(3SW 8 (CR + 33R)'E )7 CWSRCR( 2 + 3SR 12 € )7

Table F.3.: Fermion couplings to neutral gauge bosons Z and Z'.

Gt G't
—i 7 Y+ e JVL _ nepiagi 21/R _ . emy R
uydpX T — (delJ cse'“m; e Vl ) Ve sai Vw
; 7
Upd) Xt | ——=t— L 2/R) | M yR
Upd; X v TY (mu‘/;j cse’ mde V. ) Voewsniwy Vi

Table F.4.: Fermion couplings to charged Goldstone bosons.
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GO G/O
X0 | (1 ) | e
LYR 2ew sw My 4 2srew M1
i 7i w0 | __ emg _ SR .2 ECRMy
dL RX 2cw sw Mz <1 4 € 2spew M1

Table F.5.: Fermion couplings to neutral Goldstone bosons G° and G™.

A 7' A
— . . CSS C .
WHW-X ie — %évwez ie
. et . i
WHTWw' =X 1@ SR 2 jeSSCCR 2 0
S SW
. —ia . —ia
WHW-X —jeSe SR 2 jeSe —CRr 2 0
Sy SW
4 2
11— _jeosw _ _°r 2 oCcr (1 CRSR 2 ;
WrWw'=X ie (CW yr— > et <8R + e ) e

Table F.6.: Triple gauge couplings, involving either Z, Z’ or the photon, respectively.

Z A
Gt(p)G~ ()X, —QCfoSW (p—q), {1 — 283 + (CIR — 25202) eﬂ —ie(p—q),
G ()G~ (9) X, S e(p— ), 0
G (p)G" (9) X, e (p — q), |1 - e —ie(p — @),

Table F.7.: Charged Goldstone boson couplings to the photon and the Z boson.

_ iec s2ch(1—252,)+852c2s2, (1+5%) o
G* ()G (9)Z), | —52(p — q),. [1 — e ) bl e ew
— iecse ™% (1+s2
G (p)G(9)Z, Wﬁ@ — Q)

G (p)G"(9)Z),

ieSR

CRCW

(p _ Q)u [1 _ 1+s%(1+c‘}1{)62

2
4s% “

Table F.8.: Charged Goldstone boson couplings to the Z’ boson.
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w
G(P)G (D)X | 7 (P = [1— i(ch — 8s2c?)é?]
C)CT (@)X, —ihe(p— gy
GU(p)G (@)X, — e (p — q),
P Eeey -,

Table F.9.: Couplings of charged and neutral Goldstone bosons to the W boson.

W’
Go(p)G*((DX;r %(p - Q)u {1 - % (cTR + SSTVIZ - 28202> 62-‘
iecse ™1 (2—c2
G°(n)G ()X, ﬁe(p — Q)
Gp)G" (90X, —smie(p — q)u
CWE WX | = a1 50+ 5]

Table F.10.: Couplings of charged and neutral Goldstone bosons to the W’ boson.

GO G/O
wWHw - X0 0 0
— ecset® ecscset™ M,
W+W/ XO _ 2 - Mz G R Sor A €2g;w
WHWw'= X0 0 0

Table F.11.: Couplings of charged gauge bosons to the Goldstone bosons G° and G”,

respectively.
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G+ G

W, AX* —eMyy g, 0
W/:_AZ,X—’— 0 _eMWng/
W;ZVX+ esvgvlngu <1 . CR488;202 62) 0
Wi Z,X+ S R sl (1 Hke) g,
W, Z,X* — O G g

" 2
W=z, X+ 2ecse“§%vvvs(%j;%>Mw » % (1 — < + —4(811152)> 62> Gpv

Table F.12.: Couplings of charged and neutral gauge bosons to the Goldstone bosons
Gt and G, respectively.

HY H;)
X0 | —info) (mgVEVE — 2csmipy) | n(s) (omaVE Vi — 2eomigy)
dipd), XO | —in(s) (e7omeVIVE — 2csmioy) | —n(s) (e omeV.EV.E — 2csmi;))
W up X0 | —in(s) (e7mgVEVE — 2csmisy;) | —n(s) (e7“maV.EVE — 2csmi o)
uhul X0 | —in(s) (e“m3VEVE —2csmisy) | n(s) (e0mgVEVE — 2csmi b))

Table F.13.: Leading order flavour-violating couplings of fermions to the neutral
Higgses. The masses m{ and m{ denote the ath up and down quark mass,
respectively. Summation over a is understood. The pre-factor 7(s) is defined by

1

77(S> = \/5(1—282)1) .

ﬂiLalféH”r ——(1 ;SQ)U (mu‘/;f—che ZC‘VL )
Und) Ht T (ViEmi, — 2cse=omi Vik)

Table F.14.: Couplings of the heavy charged Higgs to fermions. Here m{ and m
denote the ath up and down quark mass, respectively.
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