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ABSTRACT

In this thesis we link the recent anomalies reported in B meson and h — u7 decays to
the smallness of neutrino masses and aspects of the flavor puzzle, including the hierarchy
of the Yukawa couplings and the disparate fermion mixings. By formulating various
new models we attempt to shed light on the potential common origin of the distinct
measurements in the flavor sector. To this end, discrete symmetries are utilized in this
work as the governing principle behind all fermion interactions. The first two models
based on the S3 and the A4 symmetry, respectively, aim to unify the diverse fermion
masses and mixings. Special features separate the frameworks from the flavor models
in the literature that often lack testable predictions. While the first model provides
interesting flavor-violating signatures in top quark decays, the second one ties the flavor
to the grand unification scale in a novel way. In the three following models we focus on
the anomalies that hint at lepton flavor and universality violation. We propose that the
large flavor violation observed in h — u7 decays is dictated by the scalar mixing of an
enlarged Sy-symmetric Higgs sector. By constructing two leptoquark models we show
for the first time that leptoquark couplings shaped by a Froggatt-Nielsen mechanism
can accommodate the B meson anomalies and simultaneously generate naturally-small
neutrino masses. Emphasizing the importance of testability, we demonstrate how these
models can be probed by future diphoton resonances, using the recent 750 GeV excess
as an example scenario.

ZUSAMMENFASSUNG

In dieser Arbeit verkniipfen wir die jiingsten Anomalien in B Meson- und h — ur-
Zerfallen mit den verschwindend geringen Neutrinomassen und verschiedenen Aspekten
des Flavorproblems wie den hierarchischen Yukawa-Kopplungen und den ungleichen
Fermionmischungen. Indem wir diverse neue Modelle konstruieren, versuchen wir eine
mogliche gemeinsame Ursache der verschiedenen Messungen im Flavorsektor zu finden.
Dazu nutzen wir diskrete Symmetrien, um sémtliche Fermionwechselwirkungen in dieser
Arbeit zu modellieren. Die ersten zwei Modelle, basierend auf der S3- und der Ay-
Symmetrie, zielen auf die Vereinheitlichung der Fermionmassen und -mischungen ab.
Besondere Eigenschaften differenzieren diese von bisherigen Flavormodellen, die oft
experimentell schwer zu unterscheiden sind. Wéhrend das eine Modell interessante
flavorverletztende Top-Quarkzerfille aufweist, schlagt das andere den Bogen zu grofien
vereinheitlichten Theorien. In drei weiteren Modellen betrachten wir die Anomalien,
die auf eine Verletzung von Leptonflavor und -universalitdt hindeuten. Wir nehmen
an, dass die Flavorverletzung in h — pr-Zerfillen die Folge zusétzlicher Higgs Bosonen
ist, deren Mischung durch eine S;-Symmetrie beschrieben wird. Weiterhin zeigen wir
erstmalig mithilfe eines Froggatt-Nielsen-Mechanismus, dass Leptoquarks nicht nur die
anomalen Zerfélle der B Mesonen, sondern gleichzeitig auch die leichten Neutrinomassen
erkldren kénnen. Um den Stellenwert von iiberpriifbaren Vorhersagen aufzuzeigen,
analysieren wir am Beispiel des 750 GeV Signals, wie diese Modelle in Hinblick auf
mogliche zukiinftige Resonanzen im Diphotonkanal getestet werden kénnen.
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INTRODUCTION

Two recent Nobel Prizes in physics attest the great progress of the field of particle
physics and the success of the standard model . After Peter Higgs and Francois
Englert were recognized for their proposal of the Higgs boson on October 3, 2013,
another Nobel Prize was awarded on October 6, 2015, to the particle physicists Takaaki
Kajita and Arthur B. McDonald for their key contributions to the experiments that
discovered neutrino oscillations. However, these outstanding achievements also exposed
that the theory is incomplete since neutrino masses, implied by their oscillations, do
not exist in the SM.

The current lack of evidence of new physics that could solve the remaining problems
questions some well-established theories and the naturalness of the SM itself. As a
result, an excess in the diphoton channel announced on December 14, 2015, motivated
hundreds of physicists to come up with an explanation for what soon after turned out to
be just a statistical fluctuation. However, other searches have revealed deviations from
the SM in rare meson and Higgs boson decays that are yet to be verified and concern
the origin of flavor.

This thesis addresses some of the issues directly related to the Nobel Prizes in physics of
2013 and 2015. The flavor problem referring to the peculiar patterns of fermion masses
and mixings is arguably one of the most striking puzzles of the SM. It is plausible
to assume that the distinct behavior of quarks and leptons, the smallness of neutrino
masses, and the recent flavor anomalies all have a common origin. To this end we
propose unified models, dealing with several of these problems at the same time.

The large leptonic mixing angles could be the first indication of the presence of a
discrete flavor symmetry. Such theories are intertwined with an extended particle
content that mediates flavor violation at detectable rates. This offers great model-
building opportunities both to explain the deviations in the flavor observables and
to provide testable predictions. The latter are crucial to distinguish between the
many possible extensions of the SM. We show that the experimental anomalies can be
connected with the diverse fermion mixings and the small neutrino masses by virtue of
flavor symmetries. We utilize the scalar sector to extract characteristic model features.
In this chapter we recapitulate the current status of the SM and outline its shortcomings
related to the flavor problem. Chapter [2| deals with the model-building tools at our
disposal, which include additional symmetries and enlarged Higgs sectors. In Chapter
[B] we present models to unify the fermion masses and mixings, whereas the models
discussed in Chapter [ attempt to combine the anomalies and the flavor problem. We
explore how the inclusion of resonances like the recent excess in the diphoton channel
can improve the testability of models in Chapter [5] The conclusions are presented in

Chapter [0}



INTRODUCTION

1.1 THE STANDARD MODEL OF PARTICLE PHYSICS

The SM of particle physics is a widely accepted theory describing the elementary
particles and their interactions. It combines the electromagnetic, the weak, and the
strong force acting between particles by imposing local gauge invariance under the
symmetries SU(3) @ SU(2) @ U(1) on the fundamental matter interactions.
Historically, the first steps towards the SM were taken when the electromagnetic
and the weak force were combined to the electroweak force described by the
SU(2), ® U(1)y gauge symmetry in 1961 [1]. The Higgs mechanism explaining the
generation of masses was introduced in 1967 [2]. Since then the SM has been extremely
successful in predicting the missing pieces of the puzzle that complete the theory,
including the top quark [3] and the Higgs boson, discovered only recently in 2012 [4}5].
The fermion content of the SM consists of six quarks, classified as up-type (u,c,t;
Q@ = 2/3) and down-type (d,s,b; @ = —1/3), and leptons, divided into charged lep-
tons (e, pu,7; @ = —1) and neutrinos (ve,v,,vr; @ = 0) according to their electric
charge ). Furthermore, a number of gauge bosons arise from gauge invariance under
SU(3)c®SU(2)L,®U(1)y, where C, L, and Y stand for color, left, and hypercharge,
respectively. The strong force is characterized by the SU(3)¢c symmetry affecting all
particles that carry color charge, i.e., the quarks. Its mediators are the eight gluons.
The EW force is jointly described by the SU(2); ® U(1)y symmetries. Together they
have four generators, which only after breaking down to U(1)gm become the massive
gauge bosons W*, Z and the massless photon 7.

The breaking of SU(2), @ U(1)y — U(1)gm is an integral part of the SM that is
achieved by introducing the Higgs boson, which is the remaining piece to complete the
self-consistent theory. The Higgs boson not only explains the masses of the W+ and Z
bosons, it also generates the masses of all the SM fermions. Besides the discovery of
the Higgs boson, many predictions of the SM have been tested and confirmed at the
Large Hadron Collider with excellent precision. In the following subsections, two
vital aspects of the SM are reviewed in detail, the Glashow-Salam-Weinberg theory (Sec.
and the Higgs-mechanism (Sec. . In its current state the SM is extremely
robust, yet some challenges remain that are discussed in Sec. and are addressed in
the final chapters of this thesis.

1.1.1  Glashow-Salam-Weinberg- Theory

Although the electromagnetic and the weak force appear very different at low energies,
it was found that at a scale of around 100 GeV they unify to a single force, known as
the EW force. The corresponding energy where this takes place is referred to as the EW
scale. Besides embedding these forces above and below the EW scale, an appropriate
theory should account for why they diverge at low energies. This can be achieved by
the spontaneous SU(2)r, ® U(1)y — U(1)gm gauge symmetry breaking.

The SU(2);, symmetry plays a special role in the Glashow-Salam-Weinberg model, as it
distinguishes between fields with different chiralities. Left-handed fields are assigned
to SU(2) doublets, while their right-handed counterparts transform trivially under the
symmetry. The charged leptons and neutrinos are accommodated in three copies of
SU(2) doublets, classifying the SM fermions in terms of three families or generations.



1.1 THE STANDARD MODEL OF PARTICLE PHYSICS

Similarly, each down-type quark is paired with one up-type quark, forming three
generations of SU(2) doublets. The explicit assignments of the SM fermions under
SU(3)c ® SU(2), ® U(1)y are summarized in Tab. [1.1] These quantum numbers
successfully accommodate the measured electric charges of the fields given by the
equality Q =Ts + Y /2.

€R, WUR, TR 1 1 —2 0 —1
UR, CR, LR 3 1 4/3 0 2/3

_2/3 0 _1/3

-

dR, SR, br

Table 1.1: SM fermions with their quantum numbers or assignments under the SM
symmetries, where Y denotes the weak hypercharge, T3 is the weak isospin, and Q is
the electric charge. L and R denote the left-handed and right-handed chirality of the
fields, respectively.

In order to describe the EW force realistically, the gauge symmetry has to be broken
spontaneously by a scalar field ¢ in a nontrivial representation of SU(2). Once this
scalar field acquires a vacuum expectation value , it will trigger the desired
breaking of SU(2); @ U(1)y — U(1)gm. The physical properties of the EW theory
are a consequence of the local gauge transformation of ¢ and its interactions with the
generators. Imposing SU(2)r, ® U(1)y-invariance implies that ¢ transforms as

3
¢ — exp (z Z_: oza(:c)ta> exp (zﬁ(;)) o(z), (1.1)

where t* = 0%/2 are the SU(2) generators. Therefore, the a®(z) denote the local
parameters of the SU(2) transformation, while 5(z) corresponds to the U(1) symmetry.
Gauge invariance further requires introducing the covariant derivative

3 .
, i
D, :0M—ngAth“—§g/Bu, (1.2)
a=1
where A and B, are the SU(2),, and the U(1)y gauge bosons with their respective

couplings g and ¢’. The SU(2) structure is successfully broken once the field ¢ acquires
a nonvanishing VEV in one component of the doublet

1 0
<¢>:\/§<v>’ (1.3)
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which should happen at the EW scale and is known as the Higgs-mechanism. This VEV
v = 246 GeV [6] eventually gives masses to the gauge bosons W*, Z, and all the SM
fermions. Explicitly, we obtain the gauge boson masses from the kinetic term of the
Lagrangian

1 1 v?
£ 5(Due)* = 5 [97(4))* + *(42)* + (—g 43 + ¢/ B)?] (14)
yielding
1
Wi = —2(14; Fid2),
1
Zu= e 94— 9B, (1.5)
1
Ay = W(Q/AZ —9Bu)
with the masses
v v
mw =95, my = g2+g’2§, mg=0. (1.6)

The SM gauge bosons are actually a mixture of the SU(2);, ® U(1)y generators, which
explains why the Z boson, unlike the W=, to some part also couples to right-handed
particles. The mixing angle of the Az and the B, generators in the neutral sector is
defined by the Weinberg angle 6, i.e.,

/

9 9

Using this definition, the parameter budget defining EW interactions can be reduced to
the three basic parameters e, Oy, and my since

cos Ow = sin Ow = (1.7)

= — c , myy = mz cos Oy . (1.8)
sin Oy

These parameters have been measured with excellent precision, turning the Glashow-
Salam-Weinberg framework into a cornerstone of the SM. The latter equality is typically
defined as the p parameter

mw
b
my cos Ow

p (1.9)

which has been measured experimentally to be very close to 1, thereby tightly constrain-
ing all NP models that modify charged or neutral currents at the EW scale. At tree
level, p can also be expressed in terms of the weak isospin 7; and the hypercharge Y; [7]

n v?
w1 | Ti(Ti+ 1) — | v

1 n 2
b) ZZ‘:1 Yl (%

It is easy to verify that SU(2) singlets (7; = 0,Y; = 0) and doublets (T; = 1/2,Y; = 1)
preserve p = 1, while higher representations are subject to constraints from EW precision

p= (1.10)

measurements.
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1.1.2  The Higgs-Mechanism and Flavor Mixing

In the most general case, the complex scalar doublet ¢ can be parametrized in terms of
real scalar fields with different CP properties

1 nt +iot
= — 1.11
¢ \/§<v+h+iA>’ ( )

where h and A are the CP-even and CP-odd neutral scalars, respectively, and n™ and

ot

are the corresponding charged components. Consequently, the scalar doublet has
in total four degrees of freedom, out of which only one remains after EW symmetry
breaking, the Higgs boson h. What happens to the other three fields?

The scalar field ¢ acquires its VEV due to its specifically shaped scalar potential

V(g) = —p*(67) + Mo 9)? (1.12)

that has a continuum of nonvanishing absolute minima at v?> = —#°/x. Choosing a
specific configuration in this potential breaks the initial symmetry.

By acquiring a VEV ¢ in turn gives masses to the EW gauge bosons. Being massive,
the gauge bosons each have one additional degree of freedom compared to massless
vector particles, corresponding to their longitudinal polarization. These extra degrees of
freedom are absorbed from the components of ¢, leaving it with only the Higgs boson
h. Hence, the Goldstone bosons ", 0 and A manifest themselves as the longitudinal
polarizations of the EW force carriers W and Z, respectively. The situation is different
in theories with several Higgs doublets, where more scalar fields are present than can
be “eaten” by the EW gauge bosons. Such models are discussed in Sec. [2.2]

Once ¢ acquires a VEV, it also gives masses to the fermions. These masses stem from
the Yukawa sector of the SM Lagrangian, which in first-generation notation reads

—Lyuk = YuQpour + YaQédg + YiLrder + hc., (1.13)

where @)1, denotes the left-handed SU(2) quark doublets, ur and dr are the right-
handed up-type and down-type quark singlets, respectively, and L and er are the
equivalent fields from the lepton sector. The constant Yukawa couplings are defined
by Yy, Yy, and Y, while ¢ = ioa¢*. In three generations the Yukawa couplings become
3 x 3 matrices in flavor space that are connected to the fermion masses by
My g1 = ! Y, 1.14
u,d,l — ﬁv w,d,l - ( . )
Note that these 3 x 3 matrices are in general not diagonal; in fact M, and My cannot
be diagonalized at the same time. The mismatch between the up-type and down-type
quark sector is accounted for by the Cabibbo—Kobayashi-Maskawa matrixm

The CKM matrix enters charged current interactions mediated by the W™ boson

Uy Wiy = @ V" Wi vidy, = a " Wi Vorady (1.15)

! The corresponding matrix of the lepton sector is the Pontecorvo—Maki—Nakagawa—Sakata (PMNS))
matrix, which is discussed in Sec. m
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where V,, 4 are the unitary matrices transforming the fields w7, and dy, from the flavor
into the mass basis v} and d}, and

Vud Vus Vub
Ve = ViVl = | Ve Vs V| - (1.16)
Via Vis Vw

Much like the p parameter, the elements of the CKM matrix have been determined
experimentally with percent-level precision or better, constraining all beyond the SM
scenarios that modify quark flavor transitions. The uncertainty of the theory
lies in the origin of these elements and their peculiar hierarchy, which is discussed in
Sec. [.2.11

Note that the mixing does not appear in neutral currents involving the Z boson. Flavor-
changing neutral currents ) are absent in the SM at tree level by virtue of the
Glashow-Iliopoulos-Maiani mechanism and occur only at second order in the
weak interaction [§].

1.2 SHORTCOMINGS AND MOTIVATION FOR NEW PHYSICS

The fact that the SM describes only 5% of the matter content of the Universe implies that
there must be something else in the vast “desert” spanned by the 17 orders of magnitude
between the EW and the Planck scale, where the effects of gravity become relevant.
While pressing matters such as dark matter and gravity are prominent subjects in the
literature, this work is largely motivated by the flavor problem, which is introduced below.
Lepton flavor violation and universality are being tested at low-energy experiments as
well as the LHC and show interesting discrepancies between the measurements and the
SM expectations. Besides these deviations, we are puzzled by the Yukawa couplings,
the fermion mixings, and the source of neutrino masses as these are not predicted by
the SM.

This section deals with selected shortcomings of the SM in more detail and highlights
some promising channels to probe flavor models. We start by introducing the flavor
problem in Sec. [[.2.1] Different types of neutrino mass mechanisms are outlined in Sec.
while Sec. deals with rare fermion decays, which are crucial for NP searches.
Finally, Sec. reviews the diphoton anomaly that received a lot of attention from
the community in 2016.

1.2.1  The Origin of Flavor, Masses, and Mizings

The so-called flavor problem refers to many unanswered questions at the same time:
the puzzling pattern of Yukawa couplings defining the fermion masses and mixings is
well measured but not predicted by the SM; it does not explain where these parameters
come from, nor why the top quark is so much heavier than all the other fermions. The
seemingly random pattern of fermion masses is illustrated schematically in Fig. [I.1] and
the explicit experimental values are summarized in the Tabs. [A.1] [A-2] and [A.3] of App.
A1l

Aside from the large hierarchy between the top quark and the up quark mass, a special
feature of the quark sector is the hierarchical structure of the CKM matrix, reflected by
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Figure 1.1: Pattern of the SM fermion masses, depicted in a logarithmic plot to
accommodate the large hierarchies among them.

the values listed in Tab. [A.4] This is in stark contrast with the large mixing present
in the PMNS matrix that appears almost anarchic. The fundamental difference of
the mixing matrices suggests a different origin of lepton and quark flavor. Until 2013,
when 613 ~ 9° was measured by the reactor experiments Reno, Daya Bay, and Double
Chooz [9-11], the lepton mixing data was in excellent agreement with tribimaximal

(TBM) mixing,

2 1 0
AT

Urm = Bl (1.17)
Ve VB V2

corresponding to #19 = 33°, fa3 = 45°, and 633 = 0°. This structure, first proposed in
Ref. [12], could very well be explained by a discrete symmetry acting on the lepton
families as discussed further in Sec. 2:1.4l As of today, the neutrino mixing angles have
been measured with great precision, resulting in increasingly contrived models that
attempt to resolve the parameter puzzle. New data on 63 is expected to clarify whether
4 — 7 mixing truly is maximal, which in turn will rule out a number of these models.
One could assume that nature chose all of these parameters randomly, but such an
anthropic solution is unsatisfying and defies naturalness: An origin by chance is highly
improbable due to the large hierarchies among the parameters. An overview of the
physical observables in the neutrino sector and the respective experiments that currently
measure them is given in Tabs. and For a detailed review see, e.g., Ref. [13].
A question closely related to the flavor puzzle concerns the origin of the neutrino masses.
Absent from weak interactions, right-handed neutrinos were originally excluded from the
SM. However, since the discovery of neutrino oscillations, they are known to be massive,
which begs the question of how their masses are actually generated. If neutrinos receive
their masses from the Higgs boson, their Yukawa couplings will be tiny, increasing the
large hierarchy of the parameters even further, e.g.,

2 ~O (1077) , 1Y/: ~O (10*13) : (1.18)

9
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Many alternatives have been considered that rely on the unique Majorana nature of the
neutrino, some of which are highlighted in Sec. [I.2.2]

In the case that neutrinos are indeed Majorana particles, the PMNS matrix contains
two more unknown parameters, referred to as Majorana phases,

Upnins = U U, P, with P = diag(1,e™®, ). (1.19)

Since neutrino oscillations are insensitive to these phases, they are very hard to track
experimentally. A notable observable that depends on the Majorana phases, is the
effective Majorana mass decisive for neutrinoless double-beta decay (0v3/)), outlined in
Sec. [1.2.2P]

1.2.2 Neutrino Masses

First predicted in 1957 by Pontecorvo [15], it took until 2001 to prove that neutrinos
indeed oscillate, when the Sudbury Neutrino Observatory confirmed the deficit of solar
neutrinos due to neutrino oscillations [16]. Meanwhile, also Super-Kamiokande observed
a deficit in the atmospheric neutrino flux [17]. Only recently, both experiments were
recognized for their efforts with the Nobel Prize for Physics in 2015.

This groundbreaking result not only states the obvious that neutrinos can change their
flavor, it also implies that neutrinos must have masses, which are not yet embedded in
the SM. The probability for a neutrino with the flavor a to oscillate into the flavor
can be expressed in terms of the neutrino mass squared differences Am2 = m3% —m3.
For clarity, the transition probability can be written in the two-neutrino case as

Am2L
- ) (a#5), (1.20

P(vo — vg) = sin?(26) sin? (

where 6 denotes the mixing angle between the neutrino flavors, L is the oscillation
length, and E defines the energy. To observe oscillations at all, Am?2 must not vanish.
The actual observed mass squared differences are denoted as Am2 | and Am2, (cf. Tab.
, implying the existence of at least three neutrinosﬁ

As of today, the observation of neutrino oscillations is still the only indication of neutrino
masses. Direct detection experiments such as KATRIN aim to determine the absolute
mass explicitly, but so far are only able to place upper limits [19]. Such bounds on
the sum of the neutrino masses can also be inferred from observations of the cosmic
microwave background. Latest results from the PLANCK satellite predict that [18}20]

> mi $0.183 eV. (1.21)
A

Aside from the absolute mass scale, also the mass ordering is unknown. The two possible

orderings that are determined by the sign of Am2,,,

normal hierarchy (NH|) and inverted hierarchy :
NH: mi < mo < mg, IH: m3 < mi <mgy, (1.22)

are referred to in the literature as

which are illustrated schematically in Fig. [I.2]

2Tt is also possible to probe the Majorana phases at colliders in charged lepton flavor-violating processes.
See, e.g., Ref. [14] for an analysis in the context of the seesaw mechanism type II.

3 The composition of elements in our early universe and today indicates that the number of light neutrinos
is likely three, to not interfere with big bang nucleosynthesis [18].
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Figure 1.2: Schematic depiction of the normal (left) and the inverted neutrino mass
hierarchy (right). The colors denote the flavor compositions of each mass eigenstate,
while the height of the bars determines their masses relative to the other states.

Note that the lower limits on the sum of the neutrino masses for NH and IH are very
close to the upper limits determined by PLANCK [cf. Eq. (1.21])]

> my 2006ev (NH), > mf=010eV (IH), (1.23)
i i
implying that experiments should slowly close in on the neutrino masses in the near
future. For certain is that the neutrino mass is tiny compared to the other SM fermions,
yet its origin remains unclear. The most common neutrino mass mechanisms are
summarized in the following paragraphs.

| \ /
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Figure 1.3: Mass generation for the Dirac neutrino (left) and the Majorana neutrino
(right).

DIRAC MASSES: A straightforward possibility to generate neutrino masses is to intro-
duce right-handed neutrinos as singlets under the SM symmetries. The neutrino
masses are then generated the same way as all the other fermion masses in the
SM: via a coupling to the Higgs boson as depicted in Fig. The respective
Dirac mass term for the neutrino reads

1 — -
Lp= —inqul/R +h.c., (1.24)

where yp denotes the Yukawa coupling, with D standing for Dirac. While
technically correct, this method cannot explain the smallness of the neutrino

11



12 INTRODUCTION

mass compared to the other SM fermions, which is why many theorists resort to
mechanisms relying on the unique Majorana property of the neutrino.

SEESAW MECHANISM (I — 1I11): The fact that neutrinos are electrically neutral
allows them to be their own antiparticles, which defines their Majorana nature.
The right-handed neutrinos required for the mass term can hence be replaced by
the complex conjugate left-handed counterparts, resulting in the nonrenormalizable
interaction known as the Weinberg operator [21]

L, = —%(F&)(&T L)+he., (1.25)
with a model-dependent constant y. Because of its higher mass dimension, the
operator is suppressed by the energy scale A, where the new particles come
into play to generate the neutrino masses. The three minimal ultraviolet
completions are denoted as the seesaw mechanisms I — III, emphasizing how the
light neutrinos are lifted by the weight of the heavy messenger particles [22]. The
respective diagrams are shown in Fig. [[.4] and the details about the messengers
are summarized in Tab.

Seesaw Mediator SU(2), D

I VR 1 3/2
11 A 3 1
11 X 3 3/2

Table 1.2: Overview of the seesaw mechanisms I — III. D denotes the mass dimension of
the mediator, where 3/2 corresponds to a fermion, and 1 is a scalar field.

b~
t1
t1
t~

Figure 1.4: UV completions of the dimension five Weinberg operator, known as the
seesaw mechanism I (top left), IT (right), and III (bottom left).
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By far the most common solution to the neutrino mass problem is to introduce
heavy right-handed neutrinos vg to the SM field content, corresponding to the
seesaw mechanism type L. In a simplified notation with one active and one right-
handed neutrino, the UV complete form of the Weinberg operator reads

1 1 1
ﬁHV: _§VchDVIC%_iﬁRmDyL—iﬁRMRI/}%—Fh.C., (126)

where mp = ypv is the Dirac neutrino mass, and My is the mass of the heavy
right-handed neutrino. For convenience this expression can also be written in

1, _ 0
LUV = _5( ZR ( o EI’; ) < Zg ) +he. (1.27)

A back-of-the-envelope calculation of the neutrino masses then yields a light mass
eigenstate m; suppressed by the heavy state Mg

matrix form

m?

D
mp R —=, ma ~ Mp. 1.28
Y 2 R (1.28)
By assuming that the right-handed neutrinos are extraordinarily heavy, one can
explain why the SM neutrinos are so much lighter than the other fermions. Indeed,
the neutrino mass comes out naturally in the sub-eV range for Mg ~ O(10 GeV)
and yp ~ O(1). Extending this framework to three active neutrinos is straightfor-

ward using three right-handed neutrinos to fit Am2,; and Am2, .

RADIATIVE SEESAW MECHANISM: Other realizations of the Weinberg operator are
plausible that go beyond the minimal seesaw mechanism. The fact that the heavy
messengers in the seesaw I — III are way beyond the reach of current or next
generation experiments, motivates ideas that invoke NP at a testable energy
scale, preferably even at the LHC. One such idea is to generate the neutrino
mass radiatively by producing it at loop level with messenger particles at the
TeV scale 23], as shown in Fig. The smallness of the neutrino mass is then
primarily explained by the loop suppression.

The loop level neutrino mass is typically generated with scalar particles, but also
vector solutions are possible if the renormalization of the loop is taken care of.
Three types of mediators are presented in this thesis that generate neutrino masses
radiatively: Higgs-like scalar fields (Sec. , scalar leptoquarks (Sec. , and
vector leptoquarks (Sec. .

Note that the Weinberg operator violates lepton number by AL = 2 units, which is an
accidentally preserved but not a true symmetry of the SM. Lepton number violation
is a distinct feature of many theoretical NP models and is actively searched for by
various experiments. The most prominent among them are the Ov33 experiments.
According to the black-box theorem, if Ov33 decay is found, at least one neutrino has
to be a Majorana particle [24]. The rare process can occur if a neutrino is emitted and
simultaneously absorbed in the beta decays of two nuclei, as depicted in Fig. The
OvBpB decay rate is approximately given by

Tovgs = GIM[*|mgg|?, (1.29)
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Figure 1.5: Example of a Majorana neutrino mass generated radiatively by a scalar field
1 coupling to the SM Higgs ¢.
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Figure 1.6: OvBp3 decay enabled by a Majorana neutrino mass insertion.

where G is the two-body phase space factor, M is the nuclear matrix element, and mgg
denotes the effective Majorana mass

3

mgg = _ mUZ. (1.30)
=1

As seen from Eq. , the Ov 3 decay is strongly suppressed by the small neutrino
masses entering mgg. Consequently, detecting this decay is in practice possible only
in elements that are stable against single-beta decay. This is the case for isotopes
with even-numbered protons and neutrons, which have increased stability due to the
spin coupling [25]. Observing the Ov3/3 decay is the key to understanding most of the
remaining neutrino properties because of its sensitivity to the absolute mass scale, the
Majorana phases and possibly also the mass ordering. Unfortunately, the reverse is not
true: nonobservation of Ov35 does not exclude Majorana neutrinos. As shown in Fig.
mgg can vanish in the NH case for a specific set of neutrino masses and Majorana
phases, although the neutrino itself could in fact be a Majorana particle.
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Figure 1.7: The effective Majorana mass mgg as a function of the lightest neutrino mass

depicted for NH and TH. Figure taken from Ref. [26].

Aside from mgg, also the nuclear matrix element |M]| is a decisive factor for the Ov3p3
decay rate, depending strongly on the considered nucleus. Typical materials used in Ov 35

experiments include 13¢Xe (EXO, KamLAND-Zen) and *Ge (GERDA, MAJORANA).

Currently, the best limit for the half-life of 9Ge is provided by GERDA with
T075°(5Ge) > 2.1 x 10% yr, (1.31)
while KamLAND-Zen predicts for 136Xe
157 (10Xe) > 1.07 x 10% yr (1.32)

at 90% C.L. Proposed experiments such as SuperNEMO and NEXT intend to push the
limit on the OvSB half-life further to close in on the inverse neutrino mass hierarchy in

the near future .
1.2.3  Flavor Violation as a Probe of New Physics

With direct detection being limited to TeV scale energy ranges, decays of light fermions
are excellent tools to probe NP indirectly. Operating at low energies, indirect detection
experiments are complementary to direct collider searches. Heavy new particles are
produced only virtually and observed through their effect on well-known processes that
are suppressed or even forbidden in the SM. If NP indeed affects the flavor sector, it is
sure to manifest in rare meson decays or any lepton flavor-violating transitions.
Flavor experiments such as Belle and BaBar push the limits on new interactions involving
quarks and charged leptons. A number of deviations from the SM have been observed
in these experiments, which are discussed in the following subsections together with the
most interesting decay channels for NP searches.
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Rare B decays

Some meson decays are termed rare because of their strong suppression in the SM, which
allows to test energy scales even beyond the reach of the LHC, limited only by precision
and statistics. This suppression is due to large numbers of EW vertices or loops that
are required to mediate the rare process in the SM. New particles and interactions can
simplify the topology of the diagram and thereby result in an observable effect.

Searches for rare meson decays are historically motivated by the kaon channel K 2 — L
that lead to the discovery of the charm quark and thereby established the GIM mech-
anism. At the time, the decay was known to be induced by a box diagram involving
the up-quark (Fig. . However, only the contribution from the new charm quark
could explain the discrepancy between the theory prediction and the experimental

observations.
e AVAVAVAVAV —
S wW-— 12
Kg u,c 1%
E W+ Iu+
e VAVAVAVAV,

Figure 1.8: SM decay of K9 — pupu.

While kaons were studied extensively in the past, the focus of today’s experiments are
B meson decays. The most notable experiments currently searching for rare B decays
are the hadron collider experiment LHCb, and the B-Factories BaBar and Belle. The
follow-up experiment Belle II located in Japan is expected to take new data in late fall
2018 [31]. The B-factories are experiments based at ete™ colliders that are specifically
designed to produce 10.6 GeV Y(4S5) resonances decaying into pairs of B mesons. As
such, the B mesons are easily identifiable, which is a powerful advantage in the search
for rare decays.

Some of the key channels are outlined in the following paragraphs with respect to their
current status and future prospects. A summary can be found in Tab. [AJ7 Similar
bounds can be obtained from kaon and lepton decays, which are summarized in Tabs.
[A-8 and [A29] Measurements of D meson decays can constrain ¢ — u flavor transitions,
but the respective bounds are relatively weak, restricting the NP models in this thesis
barely beyond the limits from the down-type quark sector.

b — sv: The b — s decay is dominated in the SM by a loop diagram with a W~ and a
top or charm quark, respectively, as shown in Fig. [I.09] The current experimental
data is in very good agreement with the SM prediction [6}32]

Bsnm(b — 57) = (3.36 £ 0.23) x 1074,

1.33
Bexp(b — 57) = (3.49+£0.19) x 107, (1.33)

imposing stringent bounds on NP models with couplings to down-type quarks.
Potential candidates are two-Higgs-doublet models ), in which the W
boson line is replaced by a charged Higgs H'. The newest measurements indicate
that the charged Higgs mass in the 2HDM type II should be heavier than 500
GeV to comply with the constraint from b — sy [32].
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Figure 1.9: b — sv in the SM (left) and with a charged Higgs boson (right).

b — sll: This lepton universal decay occurs at one-loop level with an equally dominant
box diagram depicted in Fig. The observed branching ratios for [ = e, u and
the corresponding SM expectation are [33,34]

Bexp(b — see) = (4.7+£1.3) x 1079,
Bexp(b — spp) = (4.3 +£1.3) x 107, (1.34)
Bsn(b — sll) = (4.1540.70) x 1076

Figure 1.10: SM contributions to b — sll.

B?S) — pp: In the SM this decay is induced by a box diagram, as shown in Fig.
Again, a potential NP candidate is a charged Higgs that replaces the W line in the
diagram, coupling more strongly to heavier quarks. Once more, the measurements
are consistent with the SM, leaving a little more room for BSM contributions than
b — sv [35,36]

Bsn(B® — pp) = (1.06 £0.09) x 10719,

( = (
Bexp(B® = ppe) = (3.921%) x 10717, (1.35)
Bsym (B — pp) = (3.66 +0.23) x 1077, '
Bex(B] — ppt) = (2.8%5¢) x 1077,

B — lv: Decays with v final states are typically clean but experimentally challenging
as neutrinos appear only as missing energy. The decay BT — [Tv is helicity
suppressed by the small lepton masses. Therefore, the only decay measured so far
is the channel involving the 7 lepton [637]

Bsm(BT — 77v) = (0.7679:08) x 1074,

1.36
Bexp(BY — 71v) = (1.14 4 0.27) x 1074, (1.36)
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Figure 1.11: Dominant SM contributions to B?s) — L.

The Belle II experiment intends to close the gap left for NP models in this channel.

B — K®][l: The exclusive decay B — K*Il related to b — sll has a ¢*> dependence

with a longstanding anomaly in the angular observable P [38], corresponding to
a deviation of 3.7 ¢ in the bins 4 GeV < ¢ < 8 GeV.

The hadronic uncertainties of this channel cancel in the theoretically clean observ-
able

B(B — Kpp)

Bx = B(B — Kee) ’ (1.37)

which is very close to unity in the SM [39]
RM = 1.0003 = 0.0001 . (1.38)

Interestingly, the LHCb Collaboration has reported a 2.6 ¢ deviation from the
SM in Rk that hints at a violation of lepton universality, which has yet to be
confirmed by other experiments. The reported result amounts to [40]

RHHCY — 0.74570-090 4 0.036 . (1.39)

B° d d p®»

S

Figure 1.12: Tree-level decay of b — ¢l in the SM (left). Tree-level decay of BY — D)y
induced by a charged Higgs boson in a multi-Higgs model (right).

B — D®iy: A number of experiments have observed deviations [41-43] in the ratios

B(B — Dtv) B(B — D*rv)
P~ BB = D)’ "7 B(B = D*lv) (1.40)
Indicating lepton nonuniversality, the measurement has caused a lot of activity in
the field because of its high statistical significance. Currently the experimental
global average amounts to

R2® = 0.3884+0.047, RSP =0.321+0.021, (1.41)
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Figure 1.13: Global average of Rp and Rp« based on data from BaBar, Belle, and
LHCbD. Plot taken from Ref. [45].

which results in a 3.9 0 deviation from the theory prediction [44]
RP'=0.3004+0.010,  RP! =0.252+0.005, (1.42)

assuming a correlation of the ratios. See also Fig. for an illustration of the
data in the Rp - Rp+ plane. Since the decay is mediated at tree level in the SM,
the NP effects must be sizable to explain the data, which can cause tension with
other B decay channels.

Combining the b — s channels in global fits shows that the current measurements prefer
NP in the coefficient Cy, excluding the SM by at least 3o (Fig. [1.14). The deviations
in b — sll and B — Kl point towards NP in muons, while Rx alone could also be
explained with NP in electrons [46].

Closely related to the rare decays are neutral meson oscillations. These are historically
relevant since CP violation was first observed in K — K" oscillations back in 1964 [47].

New particles can modify the meson mixing measured in K° — FO, B?s) — B(()s), and

D — D. The oscillations are sensitive to the mean mass of the eigenstates, their lifetimes
and the CP mixing phase. Consequently, new particles can increase the decay rate and
thereby shorten the lifetime of the mesons, letting them decay too fast before they can

oscillate. The lowest order SM contribution to K — K" mixing is depicted in Fig.

Charged Lepton Flavor Violation

While rare decays of K and B mesons led the way for NP searches in the hadronic sector,
limits are pushed in the lepton sector by searches for charged lepton flavor violation
. Since CLFV is forbidden in the SM, these processes are even more suppressed
than rare meson decays despite the flavor transitions due to neutrino oscillations. An
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Figure 1.14: Global fit of C)'¥ taking into account b — sll and B — Kl (a), and
assuming C3 = —CH{F (b). The blue line denotes lepton flavor universality. Taking
into account data from b — sll and B — Kl points to NP in muons. Figures taken

from Ref.

S u, ¢, t d
K’ W W K"
d u,¢c, 1 5

Figure 1.15: Lowest order contribution in the SM to K° — K oscillations.

estimate of B(u — ev) shows that the effect of massive neutrinos on the forbidden
processes is tiny. Its branching ratio with neutrino oscillations is given by

2
~ 0107, (1.43)

2
m
* 14
E U'u,erlig
! My

3o
Busm(pn — ey) = 397

where U;; denote the PMNS matrix elements and m, and my are the masses of the
neutrino and the W boson, respectively. Being proportional to (mv/my )?, the decay rate
is negligible as a consequence of the tiny neutrino mass. On the other hand, a lepton
flavor-violating Higgs coupling ., arising in multi-Higgs models affects the branching

ratio significantly (cf. Fig. [1.17])

19 (500 TeV\*4
Bheu(,u — 6'7) ~ 10712 <A> (’yeu|2 + |y,ue|2) ) (1'44)

which means that any observation of CLFV would be a smoking gun of NP.
Besides u — e, notable limits on CLFV are provided by u — 3e, 4 — e conversion
in nuclei, and the various 7 decay modes. Some of the most prominent channels are
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Figure 1.17: Leading order diagrams for yu — ey with flavor-violating Higgs boson
couplings.

outlined as follows. A summary of the bounds on lepton decays with CLFV is given in
Tab.

I — I'v: The radiative decays | — 'y, including u — ey, 7 — py, and 7 — e, currently
provide the strongest constraints on NP with charged leptons. The B factories
also produce a lot of tauons allowing for measurements of many flavor-violating 7
decay modes. The upper bounds reported by BaBar are

Bexp(T — ey) $3.3x1078,

1.45
Bexp(T — py) $4.4%x 1078, (1.45)

A much stronger limit on p decays is provided by the MEG experiment [50]
Bexp(pt — ey) <5.7x 10713, (1.46)

Special attention has to be paid to higher order corrections, particularly in the
case of u — ey, where the one-loop and two-loop corrections can be of the same
order of magnitude in some BSM scenarios [51].

LHCb and the upcoming experiment Belle I expect to improve their limits on
7 — Iy to O(10719 - 1079) [52]. Also MEG plans to increase their sensitivity to
p — ey by another order of magnitude with their next upgrade [53].

[ — 3l": In analogy to [ — I, the SM contribution to the decay [ — 3’ is suppressed
by the tiny neutrino mass and is hence negligible (cf. Fig. . Alternatively
this decay could be mediated at tree level by a flavor-violating Higgs coupling of
a multi-Higgs model, as shown in the right diagram of Fig. [51].
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Figure 1.18: [ — 3!’ in the SM with neutrino masses (left) and with flavor-violating
Higgs couplings (right).

In the tauon sector, the best limits on 7 — 3u, and 7 — 3e are given by Belle [54]

Bexp(T — 3¢) < 2.7x 1078,

1.47
Bexp(T — 31) $2.1x1078. (1.47)

Once again, the bounds on pu are stronger [55]
Bexp(pt — 3e) <1 x 10712, (1.48)

According to their proposal, the Mu3e experiment intends to push the limit on
p — 3e further to 10716 [56].

uN — eN: Searches for ;1 — e conversion in nuclei are a promising alternative to the
1 — ey channel with excellent future prospects. The current limit from SINDRUM
IT [57]

Bau(upN — eN) <7x 10713 (1.49)

is expected to improve significantly in the near future with the upcoming experi-
ments Mu2e at Fermilab [58], and COMET at J-PARC [59]. At the moment, both
pu— ey and uN — eN already probe scales up to 103 — 10* TeV.

gy —2: In the SM, the gyromagnetic ratio of the muon g, is predicted by the Dirac
equation to be exactly 2. The deviation from this number is called the anomalous
magnetic moment and is caused by EW and hadronic loop-level effects [60]

gy — 2
aM = "T = 0.00116591814(51) . (1.50)

Even though the observed value [61]
as™® = 0.00116592091(54)(33) (1.51)

differs from the prediction only by O(107Y), the result corresponds to a 3.4¢0
deviation because of the excellent precision of both the theory prediction and the
measurement.

Loop corrections with new particles coupling to muons could compensate for this
discrepancy. However, fairly large effects are necessary that can cause tension
with other observables, including 7 — py and p — ey [62]. Possible diagrams
generated by a scalar leptoquark coupling muons to top quarks are depicted in

Fig.
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Figure 1.19: Possible loop corrections to the anomalous magnetic moment of the muon
from a scalar leptoquark S.

Flavor-Violating Higgs Boson Decays

Since diagonalizing the fermion mass matrices is equivalent to diagonalizing the fermion
Yukawa couplings, Higgs boson decays always preserve flavor in the SM. The Yukawa
couplings that define the Higgs decay rates in the SM are known very precisely

s
Yij = \@TZ%‘, (1.52)

where the diagonal couplings y;; are proportional to the fermion mass m;. In general
BSM theories the Higgs decay rate into two arbitrary fermions is given by

D) = N (2 12
P(h = aiy) = N ™ (Il + lyiil*) (1.53)

where N, is the color factor (N, = 3 for quarks, N. = 1 for leptons). Higgs decay
searches, therefore, directly constrain the absolute value of the Yukawa couplings, but
in many cases indirect searches of rare or flavor-violating decays can provide better
limits. As shown, e.g., in Fig. [I.17} typical channels to pin down the Higgs couplings
are the radiative decays | — I’y, which are easier accessible because the light fermions
can be produced in large numbers at low energies.

Since the discovery of the Higgs boson the LHC placed first limits on some Higgs decay
channels with fermionic final states to confirm the SM hypothesis, Eq. . ATLAS
and CMS reported the following best-fit values for the Yukawa couplings normalized to
the SM expectation [63-66]

paTLAS = 1437038 (450), p$MS = 0.78+0.27  (3.70), (154)
pritAS = 0524056 (14o), poEs =1.0£0.5 (2.10). ‘

Because of the limited LHC sensitivity to small Yukawa couplings, only an upper bound
could be placed on h — pu decays [67]

Bexp (h — pupt)

B h 1.5 x 1073
ATLAS( —>MM)< X ) BSM(h—HW)

<7.0. (1.55)
All the other fermion channels are far out of reach, being either polluted by QCD
background or just too rare to be observed at the LHC. An overview of the couplings
measured so far, based on the combined ATLAS and CMS data of Run 1 is shown in

Fig. [L.20]
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Figure 1.20: Measured Higgs decay rates normalized to the respective SM predictions
from a combined analysis of ATLAS and CMS data. All listed decay channels are
consistent with the SM expectation, the constraints on h — bb and h — 77 being the
weakest. Figure taken from Ref. [68].

Like in the case of the rare B and charged lepton decays, any signal in a Higgs decay
channel with a flavor-violating final state is a clear sign of BSM physics. The off-diagonal
Higgs couplings are only weakly constrained by experimental searches, allowing for
branching ratios of up to 10% with great model building opportunities in the lepton
sector [51]. The limits on quark couplings are generally stronger thanks to the extensive
searches for K and B meson decays. The ys coupling has the weakest bounds, allowing
for [69]

B(h —bs) <2x1073, (1.56)

which is still far too small to ever be observed at the LHC because of the large QCD
background.

In 2014, the CMS Collaboration presented preliminary results from a h — pu7 search
indicating CLFV in Higgs decays with a 2.4 o statistical significance |70]. The anomaly
caused a lot of excitement in the field as it requires the SM to be changed fundamentally
in order to accommodate the data. If confirmed, the best-fit branching ratio

BCMS<h — ,uT) = (084f8§?)%, (1.57)

would likely be caused by NP at the EW scale to have such a large effect. Potential new
particles would either be well hidden, or should be found very soon in the LHC data.
In 2015, also ATLAS published their result |71]

Barras(h — pr) = (0.77 £ 0.62)%, (1.58)
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neither confirming, nor disproving the CMS signal. With first data from LHC Run 2,
these branching ratios were updated in May 2016 [72]

Boms(h — pr) = (—0.767980%,  Barpas(h — pur) = (0.53+0.51)%, (1.59)

suggesting that the excess might just be a statistical fluctuation. However, since the

updated limits are still consistent with the original claim, the situation remains unclear.

If not h — pu7, then h — er might still exhibit large flavor violation. The preliminary
results [72,[73]

BATLAS(h — 67’) < 1.04%7 BCMS (h — eT) < 0.69% (1.60)

at 95% C.L. do not exclude large flavor violation in et final states yet.

1.2.4  The 750 GeV Diphoton Excess

On December 15, 2015, the CMS and ATLAS collaborations presented new data
regarding a potential excess in pp — vy at the invariant mass of around 750 GeV with
3.40 and 3.9 0 local significance, respectively |74,/75]. The deviation reduced to 1.6 o
and 2.3 o taking into account the look-elsewhere effect.

Although the significance was rather low, the signal received a lot of attention for the
fact that it appeared in both experiments in the same invariant mass region. Updated
results with slightly improved statistics were presented during Moriond 2016, further
encouraging research on the resonance. The huge activity in the field amounted to 545
and counting publications to date that attempt to explain the data provided by CMS
and ATLAS. On August 5, 2016, new LHC Run 2 results were presented at ICHEP,
Chicago, finally clarifying the picture [76,/77]. Even though the excess turned out to
be merely a statistical fluctuation, the potential signal led to a plethora of interesting
models that allow for extensive studies of future diphoton resonances. Given that also
the Higgs boson was first observed in h — 7, the diphoton final state is still a very
promising channel to discover NP.

The most common explanation was given by the so-called “everybody’s model” [7§],
which is the simplest interpretation of the resonance as a scalar singlet field F coupling
to exotic color particles that decay into gg and 7. The production and decay of the
resonance in the everybody’s model is shown schematically in Fig. [I.21]

Figure 1.21: Production and decay of a singlet scalar resonance F coupling to color
charged particles Q.
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A number of properties of F could be deduced from the first measurements presented
by CMS and ATLAS, which are summarized below based on the review [78|. Since
it was observed in the v final state, the resonance had to be either a spin-0 or a
spin-2 state. The latter was disfavored for predicting a similar signal in leptons, i.e.,
olpp = F —efe” +ptp~)=olpp = F = 7).

Explicitly, the total diphoton cross section of a boson with spin J, Mass M and width
I'tot can be written in the narrow-width approximation in terms of its production and
decay rate [78]

2J+1

U(PP—>F—>’Y’7>:m

> Col(F = q)T(F = 1), (1.61)
q

where s is the center-of-mass energy and ¢ = {u,d, s, ¢, b, g}.

In order to achieve a large F production rate, the field had to couple to colored particles

enabling the production at the LHC through gluon fusion. The high luminosity of

gluons compared to quarks increases the total diphoton cross section significantly, which
allows for a relatively small T(F — ) (cf. Tab. [L.3).

\/g [TGV] Cc bb CC* ng C dd Cuﬂ C g9

8§ 107 27 72 8 158 174
13 153 36 83 627 1054 2137

Table 1.3: Quark and gluon luminosity factors at the LHC [7§].

The charged particles mediating the decays into gg and v are typically heavy exotic
quarks or (color) charged scalars which enhance the diphoton cross section through
large hypercharges or Yukawa couplings. They could not be SM particles, which would
couple to the resonance at tree level and, therefore, lead to observable signals in other
decay channels dominating the f width. Particles in larger SU(2) representations
couple to the EW gauge bosons and are further constrained by nonobservation of
F—>WW,ZZ, Z~.

Furthermore, as a neutral scalar, f can also mix with the SM Higgs boson. However,
the corresponding mixing angle should be tiny since I'(F — ZZ) ST(F — 7).
While CMS favored a narrow decay width, the width predicted by ATLAS was large
with a best fit of about 45 GeV, or equivalently I'/ M ~ 0.06. From the theory point of
view, the narrow width is strongly favored as models predicting a wide width come with
a number of problems: The broad width entails a large diphoton decay rate of the order
I/ My~ 10~* — 1073, which requires either a large Yukawa coupling, a high electric
charge, or a large number of fields running in the loop. Sizable couplings can become
nonperturbative and hit a Landau pole at high energies, whereas the multi-fields solution
is disfavored for modifying the running of the gauge couplings sharply. Therefore, most
theoretical models consider only the narrow width predicted by CMS.

In this thesis, two variations of the everybody’s model are explored that provide a joint
explanation of the 750 GeV diphoton excess and other anomalies of the SM: a flavor
symmetry-based model (Sec. and a vector leptoquark solution (Sec. .
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New symmetries and fields can alter well-known SM observables and thereby explain
the unanswered questions and anomalies outlined in the previous chapter. The process
of working out theoretical models that determine and predict the behavior of the (B)SM
particles is referred to as model building.

The following subsections focus on some of the most frequently used model-building
tools: discrete and continuous symmetries (Sec. , extended Higgs sectors (Sec.
and unification (Sec. [2.3)).

2.1 DISCRETE AND CONTINUOUS SYMMETRIES

Symmetry groups are essential tools in particle physics to explain the fundamental
properties of the SM. Continuous gauge symmetries have been proven to describe the
SM fermions and their interactions with percent-level precision and better. On the
other hand, many of the fundamental symmetries such as charge conjugation C, parity
P, and time reversal T' are discrete. Therefore, discrete and continuous symmetries are
both motivated by the SM but in practice employed for different purposes.

While gauge symmetries describe the fundamental SM interactions, they do not explain
the origin of the Yukawa couplings. Instead, so-called “flavor symmetries” can make sense
of the SM flavor puzzle by reducing the number of free parameters of the theory. Suitable
flavor symmetries are typically discrete subgroups of SU(3) with triplet representations
to unify the three families of the SM, including but not limited to A4, Sy, and A(27).

An exception is the symmetric group Ss, which is a popular choice in model building
for being the simplest nonabelian flavor symmetry [79]. Two fermion families can
be accommodated in the doublet representation, which is useful, e.g., to describe an
approximate pu — 7 symmetry. This doublet representation also complements two-Higgs-
doublet models well, which are discussed in Sec. 2.2]

Since no Goldstone or gauge bosons appear in the breaking of discrete symmetries, they
are less constrained by experimental data, but at the same time difficult to rule out
for their lack of distinguishable features. Therefore, their fundamental properties have
been studied extensively for unique model predictions, see, e.g., Refs. [80H82].

The most prominent symmetries in (flavor) model building are outlined in the subsections
to First, the necessary vocabulary for the use of groups in particle physics is
introduced in Sec. 2111



28

MODEL BUILDING

2.1.1 A Short Group Theory Primer

The following introduction is based on Ref. [83] focusing on the group properties relevant
for the application in particle theory. For a comprehensive review, see also Ref. [84].

A group G is defined by a set of elements and the operation e satisfying the following
fundamental axioms:

CLOSURE: If a,b € G then ab € G.

ASSOCIATIVITY: For all a,b,c € G, (ab)c = a(be).

IDENTITY: There exists an identity element e € G such that ea = a, Va € G.
INVERSE: For every a € G there exists an inverse element a~! € G with a='a = e.

The order of a group is defined by its number of elements and can be finite or infinite.
If these elements commute, the group is called abelian, otherwise nonabelian. A simple
example of a nonabelian group is the SO(3) describing rotations in three dimensional
space.

Noncontinuous changes in a system are described by discrete symmetries. While a
circle possesses a continuous rotation symmetry, a square keeps its original shape only
if rotated by multiples of 90 degrees.

A subset H of G is a subgroup of G if H is also a group. A representation maps the
elements g € G onto matrices D(g) acting on the representation space. Its dimension
n corresponds to the dimension of the representation space. Representations can be
reducible or irreducible depending on whether they have an invariant subspace, i.e., H is
an invariant subspace of G if v € H,g € G, then D(g)v € H. The number of irreducible
representations is equal to the number of conjugacy classes, which comprise the sets
of elements g~ lag, a,g € G that are conjugate to a. A special property of irreducible
representations is that they are indecomposable. Particle multiplets can be decomposed
into a direct sum of irreducible representations, which define their properties on a
fundamental level.

2.1.2 U(1) and the Froggatt-Nielsen Mechanism

The Froggatt-Nielsen mechanism was first proposed in Ref. [85] to explain the
large fermion mass ratios and the hierarchical mixing of the CKM matrix. Since then it
has become a popular model building tool to shape the mass and mixing matrices of
the quark sector.

To suppress the Yukawa couplings of the light fermions, the mechanism employs an
additional U(1) flavor symmetry with nontrivial fermion field charges. The Yukawa
Lagrangian is not invariant under this symmetry, unless a new scalar field n is taken
into account that cancels the sum of the fermion field charges. This scalar field typically
carries a U(1) charge (—1) so that invariant mass terms are obtained with several
insertions of 7, depending on the sum of the fermion charges. Consequently, the now
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Figure 2.1: Schematic diagram of a quark mass term in the FN mechanism with n
flavon insertions above (left) and below the energy scale A (right).

nonrenormalizable Yukawa interactions are suppressed by the energy scale A, where
the flavon field 7 receives its mass. The resulting (lepton) Yukawa terms take the form

Mg
yijfiHej <<77>> ’ y (2.1)
A

with n;; = ¢; — ¢;, where ¢; denotes the FN charge ¢ of the particle <.

Once the flavon acquires a VEV, it will break the U(1) symmetry and suppress the
fermion interactions by powers of (%)n”. Traditionally, this energy scale A is chosen
such that it is out of reach of current experiments to avoid implications of a new massive
gauge boson that accompanies the broken gauge symmetry.

Since only the ratio (n)/A is phenomenologically sensitive, there is some freedom in

the choice of (n). The ratio

<A77> =\, with \~022, (2.2)

is motivated by the Wolfenstein parametrization of the CKM matrix [86]

1—%2 A ) AX3(p —in)
Vekm = -2 -2 AN? + 0\ (2.3)
AN (1 —p—in) —AN? 1

and reproduces the Cabibbo mixing angle 6¢ =~ 0.22.

Note that the FN mechanism determines couplings only up to O(1) coefficients, ac-
counting merely for hierarchies among them. Additional tools are necessary to predict
specific relations between observables that are of the same order of magnitude, e.g.,
mp/m. ~ 2.5. Neglecting the O(1) coefficients, the fermion masses and mixing matrices
are determined only by their fermion U(1) charges, i.e.,

Wi paf=afi=lgf=afl  anq Vi]L'(R) N )\\qu),qf(ml’ (2.4)
m;
where ql-L ) denotes the U (1) charge ¢ of the left-handed (right-handed) fermion i, and
ViL(R) defines the matrix element mixing the left-handed (right-handed) fermions i and
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j. Since the left-handed quarks are combined into an SU(2) doublet, they share the
same U (1) FN charge, which implies

u, L d,L CKM lag; —aq;!
Vij "~ Vit e Vi m e A i, (2.5)

where V* and V¢ denote the rotation matrices for the up- and down-type quarks,
respectively.

The FN charges of the fermions then have to reproduce the experimentally observed
fermion mass hierarchies (normalized to my)

Mu @ Mme @ my ~ A X1
mg : oms o omp o~ A A A3 (2.6)
Me @ My @ My = DRI CHEETED &3

On the other hand, they should accommodate the observed CKM mixing, placing
additional constraints on the choice of quark charges

Vs =X, Vi = A, Vya N2, (2.7)

No such constraint applies to the PMNS matrix since the origin of neutrino masses and
mixings is unknown in the SM. The freedom in the choice of the U(1) lepton charges
opens up model building opportunities, for instance, in leptoquark UV completions,
which are discussed in Sec. .3l

The FN mechanism comes with a number of caveats that are summarized in the following:

1. If the U(1) FN symmetry is treated as a gauge symmetry, it can give rise to chiral
anomalies, i.e., divergent triangular loop diagrams. A specific choice of fermion
charges can ensure cancellation of these diagrams, which in the case of a U(1)
gauge symmetry is given by [87]

> 4 =0, (2.8)

where ¢; denotes the U(1) charge g of the fermion i. Anomaly cancellation is often
ignored in FN models, given that the issue can be evaded, either by promoting
the U(1) to a global symmetry, or by imposing a discrete symmetry instead.

2. A broken gauge symmetry leads to massive gauge bosons, which are subject to
constraints from ongoing collider searches as well as low-energy flavor experiments
since additional gauge bosons can mediate new flavor transitions.

3. If the symmetry is not gauged, its breaking entails a massless Goldstone boson
unobserved in experiments.

These caveats can be evaded by using a discrete Zy symmetry in place of the U(1),
which for large enough N behaves almost like a continuous symmetry without its typical
drawbacks. Instead, the breaking of a discrete symmetry leads to domain walls, which
can influence early structure formation and the cosmic microwave background. However,
these effects are negligible if the symmetry is broken after the cosmological inflation is
complete [8§].

The FN mechanism is utilized in all models of this thesis, realized in most cases by a
discrete Zy symmetry. We do not consider anomaly cancellation in the U(1)-based
models knowing that the issue can be avoided by using a cyclic symmetry instead.
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Figure 2.2: Cyclic graphs of Zy symmetries compared to continuous U(1) symmetry.

The graphs become approximately circular for large N.

2.1.3 Clyclic Groups Zn

Cyclic groups are abelian groups, where each group element can be generated by powers
of a single element g

(9)={g% " ...a" '}, (2.9)

and ¢V = ¢ for a group of order N. All subgroups of cyclic groups themselves are
cyclic.

The Z symmetry can be visualized as an n-sided polygon, where each vertex denotes one
of the N complex roots of unity that comprise the elements of the Zx group. Therefore,

with increasing number of N, the cyclic groups become approximately continuous (cf.

Fig. , which makes them a convenient model building tool to replace a U(1) FN
symmetry.

Cyclic symmetries find use in many fields of BSM physics, e.g., Zo symmetries are
commonly used to stabilize dark matter particles, and R-parity, preventing rapid proton
decay in supersymmetric models, is also essentially a Z5 symmetry.

2.1.4  Symmetric and Alternating Groups Sy and Ay

Nonabelian family symmetries had their breakthrough with the experimental discovery
of neutrino oscillations [16,/17] and the measurements of the large parameters in the
PMNS matrix. Until 2013, when the remaining mixing angle 613 was measured [9-11],
012 and 3 were in excellent agreement with TBM mixing, corresponding to 612 = 33°,
fa3 = 45°, and 613 = 0, cf. Eq. . First proposed in Ref. [12], this structure
could be explained exceptionally well using the discrete family symmetries A4 and
S4. Pioneering works like Refs. [89,090] led the way for model building with discrete
symmetries. Even though the TBM mixing pattern has been ruled out by 613 # 0, the
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groups A4 and Sy are still popular choices today, not only to explain the large PMNS
mixing angles, but also to shed light on SM anomalies such as h — pu7r or Rp [91,92].
With respect to neutrino masses and mixings, a typical ansatz is to start from symmetries
that predict TBM, “golden ratio” |93] or “bimaximal” [94] mixing, and to explain the
data by the subsequent breaking of the symmetries. The small corrections of the mixing
angles are hence linked to the symmetry breaking parameters, forming stronger ties
between group theory and phenomenology. In all cases, making sense of the flavor
puzzle usually requires intricate models with complex breaking patterns that may seem
arbitrary and unappealing. The fact that the origin of the masses and mixings cannot
be explained in a simple way has caused authors to consider also anarchic neutrino
mixing and anthropic solutions, see, e.g., Refs. [95,96].

In this thesis, the symmetric and alternating groups Sy and Ay are prime tools to
address some of the reported SM anomalies. Therefore, their basic properties and
differences are outlined in the following subsections.

Symmetric Group S3

The symmetric group S3 consists of all possible permutations of three objects and is
represented geometrically by an equilateral triangle, as shown in Fig. The order of
Sy groups is NI, i.e., six in the case of S3. Since the smallest symmetric group Sy, with
only one element, is trivial, and the group Ss is equivalent to the cyclic group Zs, S3 is
among the most studied groups in the literature as the smallest nonabelian symmetric
group. See, e.g., Refs. [97-105] for fermion mixing models in the context of S5 since the
measurement of 613. The elements of S3 can be denoted as

(i, 25, k) , (2.10)
which is short for the permutation
(I’17$2,$3) — ($i7$j7$k)a (211)

with 4,7,k € [1,2,3] and ¢ # j # k. Explicitly, the six elements of S3 are

e: (1‘1,$2,$3), as : (1‘1,5173,%2),
ar: (wo,x1,23), as: (w3, x1,22), (2.12)
az : ($3,$2,$1) ) as : (1’2,1’3,961) )

which can be expressed entirely in terms of a; = a and a3 = b
{e,a,b,ab,ba,bab} (2.13)
since ajas = as, asa; = a4, and az = agaijas. They form the three conjugacy classes
Ci :{e}, Cs : {ab,ba}, Cs : {a,b,bab} . (2.14)

Consequently, the group consists of the three irreducible representations 1, 1/, and 2. A
proof can be found in the literature [83].

In models with discrete symmetries, the particle content is assigned to the fundamental
representations of the group. In order to construct a Lagrangian invariant under this
symmetry, the representations are contracted with tensor products. Denoting the basis
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Figure 2.3: Geometrical representations of the nonabelian symmetries S3, Sy, and Ay,
respectively. The red lines denote rotation axes of the symmetry transformations.

vectors for two S3 doublets as (z1, J:Q)T and (y1, yg)T and g a nontrivial S3 singlet, the

S3 multiplication rules are [83]:

X X — X
( ! ) ® < o > = ( 202 1 > ® (z1y1 + 22y2)1 @ (T1y2 — T2v1) 1/
2 2 2

) Y2 T1Y2 + T2y1 (2.15)
x / _3723/ / / . ‘
. ®(y)1,= / ) (x)1’®(y)1’:(xy)1’
2 /4 1y 5
or in short
22=1¢1¢2, 201 =2, 1'®1 =1. (2.16)

The multiplication rules [Eq. (2.16])] are basis independent, i.e., the physics do not
change under unitary transformations of the form U TD(g)U , where ¢ is any element
of the group. However, the components of the representations in Eq. may be
written in a different way depending on the choice of basis.

Symmetric Group Sy

The S4 group is appealing for being the smallest symmetric group with a fundamental
triplet representation. The S4 symmetry and the TBM mixing scheme are strongly
intertwined, which has been shown with purely group theoretical arguments [106-108]
as well as in explicit flavor models [109H111]. This makes the Sy group a popular tool
in model building with leptons.

Geometrically, the S4 symmetry is represented by a cube as depicted in Fig. [2.3]
The 24 group elements form five conjugacy classes, resulting in the five irreducible
representations 1, 1/, 2, 3, and 3’. The S; multiplication rules can be found in App.

B
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Alternating Group Ay

The alternating groups Ay are obtained by taking only the even permutations of the
symmetric groups Sy. Alternating groups, therefore, consist of N!/2 elements. As an
example, the group As is composed of the three even permutations of S3

e: (x1,29,w3), aq:(x3,21,22), as: (w2, 3,11). (2.17)

3 = ¢, the group is isomorphic to the cyclic group Zs.

Since (as5)? = as4 and (ays)
Consequently, the smallest alternating group considered in the literature is A4 with
4!/2 = 12 elements, corresponding to the symmetry of a tetrahedron shown in Fig.
The 12 elements are classified in four conjugacy classes, resulting in the four irreducible
representations 1, 1, 1”, and 3. The fact that the A4 group has one triplet and
three distinct singlet representations makes it particularly attractive for model-building
purposes, since those representations accommodate the three SM fermion families nicely.
See Refs. [112-115] for a selection of A4 models since the measurement of 6;3.

The product rules for the A4 group used in the construction of the models in this thesis
are given in App. B2

2.2 EXTENDED HIGGS SECTORS

The family symmetries describing the fermion masses and mixings eventually have to
be broken by higher dimensional scalar representations. These comprise distinct fields
for each vector component in the symmetry space, implying that the scalar sector has
to be extended with respect to the SM. The scalars breaking the symmetry are typically
called "flavons”. As such, they can be trivial or nontrivial SU(2), multiplets.

The VEVs of SU(2) [, singlet scalars preserve the SM symmetry, i.e., the flavor symmetry
is completely separated from the EW scale and can be broken at a much higher energy.
The exotic fields attributed to this symmetry breaking then acquire unobservably large
masses beyond the reach of current experimental searches.

Alternatively, SU(2);, doublet flavons simultaneously break the flavor and the EW
symmetry resulting in at least one or more Higgs copies at the EW scale. Such models
are usually referred to as multi-Higgs models ), where N denotes the number
of scalar SU(2), doublets in the theory. The additional light messengers entailed by
the low breaking scale induce dangerous FCNCs that are a typical feature of NHDMs.
Therefore, by relating the flavor symmetry to the EW scale, these models are subject
to tight constraints but in turn become more predictive. This is helpful to distinguish
and consequently rule out the plethora of models on the market through experimental
searches.

Extending the SM field content with just one extra Higgs doublet is appealing not just
for its simplicity; among the many motivations to study 2HDMs, the most compelling
one is supersymmetry, which makes the 2HDM one of the most studied extensions of the
SM. A second Higgs doublet must be present in all supersymmetric theories to cancel
the gauge anomalies induced by its fermionic superpartner.

On the other hand, [BHDME often appear in combination with discrete symmetries that
accommodate the three fermion families in triplet representations. Symmetries such as
A4 and S4 have been particularly successful in describing the lepton phenomenology,
thereby motivating multiple Higgs doublets from a bottom-up perspective.
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For these reasons, NHDMs are utilized in this thesis towards their potential to explain
some of the recent SM anomalies, e.g., the 2.40 excess in h — ur decays observed by
CMS [70].

The general properties of NHDMs, of which most are easiest described in terms of
2HDMs, are discussed in Sec. The overview concludes with 3HDM-specific details
in Sec. A comprehensive review on 2HDMs can also be found in Ref. [116].

2.2.1 2HDMs

In the presence of two scalar fields, the fermion mass matrices generally receive con-
tributions from two Higgs bosons, which cannot be simultaneously diagonalized. As a
consequence, NHDMs typically have tree-level FCNCs unless prevented by an additional
mechanism. One possibility is to couple each fermion to only one of the Higgs bosons,
which can for instance be achieved by applying a discrete symmetry. Such frameworks
are referred to as Yukawa alignment models or models with natural flavor conservation
and belong to the class of flavor-conserving NHDMs [117,|118].

2HDMs in particular are usually classified according to their fermion-Higgs couplings
into types I — III, where I and IT conserve and III violates flavor. In type I, the fermions
acquire their masses from only one of the scalars, while in type 11, one scalar is responsible
for up-type and the other for down-type quark masses. As it is closely related to the
minimal supersymmetric SM, type Il is the most studied type of 2HDM. For the sake
of brevity, the flavor-conserving variations called “flipped” and “lepton-specific” [116]
are omitted in this review.

From a model building perspective, type I and type Il are implemented easily by
imposing a discrete Zs symmetry: To obtain a type I model, one of the scalars has to
be odd under a Z, transformation, preventing interactions of the scalar with all other
SM particles; Type II on the other hand is implemented by charging one scalar and the
down-type quarks under this symmetry. An overview of the three standard types of
2HDMs is shown in Tab. where the fermion-Higgs couplings can be inferred from
the Z5 charge assignments.

2HDM ¢ ¢2 wur dr egr

I - + + + 4+
I - + + - -
m + 4+ 4+ o+ 4

Table 2.1: Overview of the 2HDMs and the corresponding Z5 parities of the fields in
the first-generation notation. Conventionally, ¢2 is chosen to couple to up-type quarks.

The models discussed in this thesis do not correspond to any of the classic types of
2HDMs as the couplings are dictated by intricate symmetries and hence do not follow
the simplified classifications. Since the models generally allow for FCNCs, they resemble
to some extent the type III 2HDM with modified fermion and gauge boson couplings.
Flavor-violating models face stringent constraints from meson oscillations as well as
rare meson decays. The best-measured channels typically involve kaon decays, which
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are induced by d — s quark transitions. In the lepton sector the strongest limits come
from searches of u — ey. For more details see Sec.

In this thesis we do not concern ourselves with the effects of additional sources of CP
violation. Therefore, only CP-conserving models are considered to simplify the large
parameter space of extended Higgs sectors. The scalar potential of a CP-conserving
2HDM is given by [116]

Ao
3((15;(1)2)2

V(p1,¢2) = pidldr + usdhds — iia(¢lds + dln) + (d)% ' (2.18)

A
+ /\3¢I¢1¢£¢2 + /\4¢I¢2¢£¢1 + ?5 [(G;{Gﬁz) ¢2¢1 )2

where the couplings p; and \; are real parameters.
The two complex scalar doublets have eight degrees of freedom, which can be decomposed

as
o
- ), i=12, 2.19
& < —\}5 (v + pr + imyp) ) ( )

where go?' denotes the complex charged scalar, and p and n are the CP-even and CP-odd
neutral scalars, respectively. The Higgs doublets acquire VEVs v; that define the mixing
angle [ of the charged and CP-odd neutral scalars

V2 .
tan 3 = — th =\Joi 403, 2.20
an (3 o with  wvgm vy + v3 (2.20)

Three of the eight degrees of freedom are absorbed by the masses of the SM gauge
bosons W+ and Z after the EW symmetry breaking. The remaining massive states
form two CP-even neutral scalars h and H, one CP-odd neutral scalar A, and a complex
charged scalar H*. Assuming that CP is conserved, the CP-even and CP-odd scalars
do not mix, resulting in 2 x 2 dimensional mixing matrices with

h - sinae —cos« p1

( H ) B ( —cosa —sina ) < 02 ) ’ (221)
GO . COSﬁ sinﬁ m

( A )_<sin5 —cosﬁ)<n2>’ (2.22)

Gt '\ [ cosB sinf ot
<Hi>_<3m5 —Cosﬂ)(ét)’ (2.23)

where the linear combinations Gy and G* correspond to the massless Goldstone bosons.
The angle « is defined by the mixing of the CP-even neutral scalar fields and can be
expressed as a function of their masses

tan 2a = (2.24)
where m1o denotes the off-diagonal element of the CP-even neutral scalar mass matrix.
Because of the few free parameters in the scalar potential, the charged and pseudoscalar
mass eigenstates are related to each other and are given by

9 v2
m [ 2)\51)1’02}
A~ v1v Mg — ,

(2.25)
mie =m% + (A5 — \)v?



2.2 EXTENDED HIGGS SECTORS

The CP-even scalar sector is slightly more complicated and, being model-dependent,
omitted for the sake of brevity.

For p12 = A5 = 0 the pseudoscalar A becomes massless, leading to a model with too
many Goldstone bosons. This is the case if the scalar potential preserves an additional
global U (1) due to the discrete symmetry [116]. A soft breaking of this symmetry in the
scalar sector is required to obtain a viable model. An example is discussed in Chapter

3.1

Using the angles o and 8 to parametrize the fermion-Higgs interactions, the 2HDM
Yukawa couplings can be neatly expressed in terms of only two parameters in the
flavor-conserving cases. For the 2HDMSs type I and II the couplings are summarized in
Tab. 2.2 In the literature, limits are typically presented as a function of tan 5. However,
as indicated by Tab. these bounds depend crucially on the fermion couplings with
widely differing results for each 2HDM.

2HDM ¢t b yr ol e wd ot
I Coc/sﬁ Coc/sﬂ Ca/sﬂ Sa/sg 504/83 SO4/8/3 1/153 —1/t3 _1/tﬁ
II ca/sg -Safcg -Safcg Safssg Cafcg cafcg 1t g tp

Table 2.2: Diagonal Yukawa couplings in the 2HDMs type I and II normalized to the
corresponding SM couplings with sin = s, cos = ¢, and tan = t. The light and heavy
CP-even neutral scalars are denoted by h and H, respectively, and A is the CP-odd
neutral scalar.

The Higgs-gauge boson interactions confine the Higgs parameter space the most since
they are well measured as opposed to the Yukawa couplings (compare Fig. [1.20]). As
seen from

1
Liin = |Dyuér[* + [Dudal* S Sg*WuW" (019} + va) (2.26)

the scalar-gauge boson couplings relative to the SM Higgs depend only on the mass basis
transformation of the scalars. These transformations are independent of the fermion
sector, i.e., they are the same for all types of 2HDMs. For convenience, the couplings
can again be expressed in terms of the mixing angles o and 8. Normalized to the
corresponding SM coupling, they read

ghww =sin(f—a), ghzz =sin(f—a),
gHWW = COS(ﬁ — a) 5 9gHZZ — COS(ﬁ — a) y (2.27)
gaww =0, gazz =0.

Note that the pseudoscalars do not couple to SM gauge boson pairs, and hence are
not constrained by searches in these channels. Possible decay channels to look for
pseudoscalars include, e.g., H — ZA, and A — Zh, depending on the mass mxg
compared to the other states.
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It is convenient to rotate into a basis in which one scalar doublet behaves exactly like
the SM doublet ¢, while the other accounts for all the BSM effects due to the extended
scalar sector. This is the so-called Higgs basis

Hy\ 1 [ v v b1
<H2>_USM<—UQ 111)<¢2>7 (2:28)

Gt HYF
H1:< 1 b4 G ) H2:< L (HO 4 A ) (2.29)
ﬁ(USM sm + Go) ﬁ( 9 2)

A distinct feature of the Higgs basis is that only one of the doublets acquires a VEV,
which, consequently, is the only one giving masses to the fermions. Therefore, the H;
Yukawa couplings can be exactly diagonalized, leaving all potential FCNCs in the model
to Hs. By denoting the SM Yukawa couplings Y;Q;’d and the new BSM couplings nfj’d
the Yukawa Lagrangian can be written as

with

—Lyui O Qipyfi Hvuir + Quryfi Hidjr + Qi ni Hyujr + Qurnf; Hadjr

u— ./ d3 g — ~u py0%, 1 < ~d 70 3 (2'30)
= m Wruip +mid;pd;p + Wi Hy wyp + dip il Hyd g
with
1
VL“’dTy“’dVﬁ’d = fm“’d, and Vf’dTn“’dVg’d = ﬁ“’d. (2.31)
v

Using this basis, it is easy to verify that the off-diagonal Yukawa couplings can always
be rotated away if only one Higgs field is associated with one type of fermion.

2.2.2 S3HDMs

The properties of 3BHDMs are very similar to 2HDMs. However, because of the large
parameter space, the mass eigenstates and the mixing angles are difficult to determine
analytically without a mechanism to simplify the scalar potential. The models in
this thesis employ discrete nonabelian symmetries that allow for compact analytical
expressions to describe the scalar sector of the 3HDM. For example, the symmetries
Ay, Sy, and A(27)E| have a common set of terms, here denoted by V

3 3

Vo= [-udsloi+alolen?] + Y [Bolen(ele;) +v(slenolen] . (232)

i=1 ij=1

while the additionally allowed terms that distinguish the potentials are

3
Va, =0 (6l65)* (i#7), (2.33)
2,7=1
3
Vany =0 Y (616;)(dlen) (i#j#Fk). (2.34)
i#j#k

! Note that the A(27)-symmetric 3HDM potential also extends to A(54) [119].
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The S, potential can be obtained from V4, by assuming ¢ to be real. Consequently,

the 3HDM potential can have even fewer parameters than the general 2HDM one [Eq.

(2.18))] by virtue of the flavor symmetries.

The additional Higgs doublet adds four degrees of freedom to the scalar sector compared
to the 2HDM, implying that after EW symmetry breaking a total of nine states become
massive. However, discrete symmetries with certain vacuum alignments can further
reduce the huge parameter space of 3HDMs by predicting specific relations between the
masses of the scalars. These alignments ensure that the chosen VEVs correspond to an
actual global minimum of the 3HDM potential, which have been determined by means
of geometric minimization for A4, S4, and A(27) |120] and are

v(0,0,1), w(1,1,1), o(e™3 e /3 £1), v(1,i,0), (2.35)

and permutations thereof.

Once the scalar fields acquire VEVs in one of these alignments, they will either preserve
a remnant (or residual) subgroup of the flavor symmetry, or break it entirely. In
the case of Ay, Sy, and A(27), the CP conserving alignments v(0,0,1) and v(1,1,1)
break the symmetry down to a residual Z and Z3 subgroup, respectively [119]. These
leftover symmetries can be utilized to predict fermion masses and mixings or to suppress
unwanted FCNCs. For example, the Majorana neutrino mass matrix respects the Klein
symmetry Zy X Zy [121], suggesting that the flavor symmetry should be broken in the
neutrino sector by the VEV alignment v(0,0,1). On the other hand, a remnant Z3
symmetry in the charged lepton sector can preserve flavor on a renormalizable level,
known as lepton flavor triality [122]. This triality is exploited to explain the
h — p7 anomaly in an Sy symmetric 3HDM discussed in Sec. [£.1]

Reproducing the large PMNS mixing angles requires a mismatch between the symmetries
of the charged leptons and the neutrinos, implying that these leptons are associated with
distinctly aligned flavons. Consequently, any symmetry solution to the flavor problem
demands a multitude of new particles and cannot be simple. Extending the framework
possibly even to quarks with a reasonable amount of additional field content becomes a
highly involved endeavor to balance elegance and predictivity.

It is again useful to change into the Higgs basis, where only one of the doublets acquires
a VEV. Explicitly, the Higgs basis doublets take the form

G+t Hy
Hl = < i(’l) +h + G ) ) 5 H2,3 = ( 1 HO 23 A > . (236)
/2 \UsM SM 0 7 ( 23T 1 2,3)

In this basis only H; generates fermion masses o y?j’dv which can be diagonalized to
yield the SM fermion masses. The Hy and H3 couplings n;‘j’d and §Z-Lj’d,
then in general nondiagonal matrices inducing FCNCs. Interestingly, the Goldstone
bosons GT and Gq are already gathered in the doublet H;, hence only one more 2D

respectively, are

rotation is required to obtain the charged scalar and pseudoscalar mass eigenstates from
HQJC 3 and A273.
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Let u = (v1,v2,v3)7 and w = (v,0,0)7, then the Higgs basis transformation rotating u
into w corresponds to a 2D rotation around the normal u x w. This orthogonal matrix
(v35 = vF +13)

2 2 2
1 U1v23 U2V23 U3V23
_ 2 2 .2
Ry vpvg = o | v v +ovsv  vavs(v — 1) (2.37)
23

—v3v3; vovg(v—wv1) VU3 + vFv

depends only on the VEVs vy 2 3 and is therefore valid in any 3HDM without specifying
the potential. The typical VEV alignments favored by flavor symmetries v(0,0,1) and
v(1,1,1) result in the rotation matrices Ryop = I and

1 1 1
vav = L -1 %(1 + \/g) %(1 - \/g) . (238)
I a fa-ve) o

The Higgs basis notation is particularly useful for charged scalar interactions, which are
completely determined by the matrices n and £. This feature is exploited in Sec. to
study the R anomaly in the 3HDM.

2.3 UNIFICATION

Besides aesthetic reasons, the main purpose of unification is to find a single framework
describing the SM gauge groups and the fermion interactions. So-called grand unified
theories ) proclaim the SM symmetries as remnants of one larger gauge group
and thereby motivate their common origin. This section deals with advances in GUTs,
outlining some viable candidates and their shortcomings in Sec. 2.3.1]

The unification of quark and lepton interactions in particular is phenomenologically
interesting. Leptoquarks can mediate B- and L-violating processes that are relevant also
at low energies and, if found, could shed light on some of the unresolved SM anomalies.
Sec. focuses on the implications of leptoquarks and how they can emerge from
GUTs.

2.3.1 Grand Unified Theories

The idea of GUTs is to unify the three distinct gauge interactions of the SM into a
single force arising from one larger gauge group. The three, seemingly uncorrelated
couplings of the SM hence emerge in the breaking of this larger gauge symmetry from
one unified coupling constant. Ideally, the SM couplings converge in a single point
thereby defining this unification scale. The running depends not only on the considered
gauge group, but also on the additional particles affecting the evolution of the gauge
couplings. While specific statements are strongly model-dependent, the running of the
SM gauge couplings generally suggests that the scale of unification lies shortly below
the Planck scale around Mgyt = 10'° GeV [123], implying that the expected NP is way
beyond the reach of current or next-generation experiments. Implications of GUTs are
therefore testable mostly indirectly, e.g., through their predictions for the half-life of
the proton.
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By uniting the SM fields in common multiplets GUTs also unify matter interactions
and explain the peculiar assignments of fermions to the representations of the SM
symmetries. Finally, they shed light on the quantized nature of the electric charge, and
why the charges of the electron and the proton cancel each other to a high precision.
FEmbedding the SM symmetries into a larger, unified framework fixes the arbitrary
choice of the U(1)y hypercharge to allow only for discrete electric charges that are
exact multiples of 1/3. Indeed, explaining the electric charge quantization was one of
the main motivations to construct the SU(5) GUT [124].

Common issues of GUTs lie in their specific predictions for gauge and Yukawa unification.
The unification of quark and lepton interactions allows for B and L violating mediators
that can shorten the lifetime of the proton, which is measured by experiments to be
longer than the age of our current universe. Furthermore, the most appealing candidates
such as the SU(5) fall short of unifying the gauge couplings in their most minimal,
nonsupersymmetric versions, as will be explained below.

As it stands, unified theories fail to simplify the rather intricate SM, which is why
there is no generally accepted GUT model. In the following the most popular GUT
groups, the SU(5) and the SO(10), are reviewed with respect to their features and
shortcomings.

SU(5)

The SU(5) GUT was first proposed by Georgi and Glashow in 1974 with the intent
to unify the SM gauge groups and their associated gauge couplings [124]. The SU(5)
symmetry is a very appealing candidate since it is the simplest group to include the SM
symmetries as a maximal subgroup. All known SM particles fit nicely into three copies
of the smallest fundamental representations of SU(5) with the correct observed electric
charges

df 0 usg  —us  ur  dp
ds —u§ 0 uf  uz do
5p=1| d§ |, 10p=| w5 —uf 0 wuz dg |. (2.39)
e~ —u; —us —uz 0 e’
—v _dl —dg —d3 —€+ 0

The condition of gauge coupling unification [125]

5
agqut = gay = aw = ag (2.40)

leads to the model-independent prediction for the Weinberg mixing angle at the unifica-
tion scale

sin2 GW(AGUT) - g . (241)

Taking into account the renormalization group running between the EW and the GUT
scale, this value can be compared with the very precise measurement at the My scale [6]

sin” Oy (Mz) = 0.23126(5) (2.42)
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as opposed to sin? Gy (Mz) ~ 0.20 expected by the minimal SU(5) GUT framework [125].
The deviation suggests that, if SU(5) is indeed realized in nature, additional particle
content is needed to modify the running of the couplings. Also supersymmetric extensions
are known to solve the problem [126].

The minimal Higgs sector of an SU(5) GUT includes a 55 containing the SM Higgs
doublet and the adjoint 24y inducing the SU(5) breaking

SU(5) 22 5U(3)c © SU2), © U(1)y
2.43
with (24p) = ——diag (2,2,2, —3, —3). (2:43)

V15

The Yukawa Lagrangian then comprises only two fundamental interactions
_ 1
—Ly =5pY510p5% + §6510FY1010F5H ) (2.44)

reducing the number of Yukawa matrices from three to two compared to the SM.
This results in simple relations between the Yukawa interactions, referred to as the
Georgi-Jarlskog mass relations |127]

My ~ My,  3Ms~ My, Mg~ 3Me, (2.45)

which have to be fulfilled at the GUT scale. The Yukawa couplings are subject to
renormalization group running and therefore have to be evolved down to the EW scale
to be compared with experimental data. As it turns out, the above relations are far
from satisfied [123], e.g.,

My M

() ~ 08, () ~25. (2.46)
Mr /) SU(5) Mt/ exp

This simple prediction excludes the minimal SU(5) as a valid candidate to unify the
gauge interactions.

One either has to resort to nonrenormalizable operators or to an extended Higgs sector
in order to relax the constraints from Yukawa unification. A common solution is to
complement the 5 representation with an additional 45z multiplet that allows to tune
the predicted fermion mass relations. To make a relevant contribution to the fermion
mass matrices, some of the states in the 5 and 45 multiplet must be relatively light,
while others are required to be heavy to avoid rapid proton decay. The implied fine-
tuning is an issue of most GUTs. Once the SU(5) is broken, the 55 Higgs representation
is decomposed into an SU(3)¢ triplet T and the SM Higgs SU(2) doublet H. The
masses of T and H should naturally be of the same order of magnitude since they
are part of the same multiplet. The T scalar, however, leads to proton decay due to
dimension six diquark operators of the form

1 1 C c C c
Ll o= fW(quq)(lYg,q) — W(d Ysu®) (e“Yipu®) + h.c. (2.47)
T T

A typical SU(5) proton decay mode is p — et 7, which due to dimension six operators
has the expected partial half-life |128§]

M

— = 102 yr, (2.48)
GUT""p

TpN
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with My ~ 10 GeV, where My is the mass of the decay-inducing particle, and
my, is the proton mass. For comparison, Super-Kamiokande sets the lower bound
7p > 1.67 x 10** yr on the partial half-life of the proton in this channel [129], which
entails even larger values of Mx. The fine-tuning required to explain the large mass
difference of T" and H is referred to as the doublet-triplet splitting problem.

In conclusion, fixing the fermion mass ratios requires a plethora of new scalar fields
with a specific mass hierarchy that makes an SU(5) GUT less appealing. An upside of
the extended scalar sector is, however, that the many additional states can contribute
favorably to the running of the gauge couplings and thereby solve also the gauge
unification problem.

Alternatively, the issues of matter unification can be addressed with nonrenormalizable
operators, first proposed in [130]. The existence of higher-dimensional operators implies
that the theory is not complete and another breaking takes place somewhere between
Aqut and Apiancc ~ 1019 GeV. The additional terms in the Yukawa Lagrangian modify

the predictions for the fermion mass ratios but do not affect the running of the parameters.

Realistic GUT models typically employ a combination of nonrenormalizable operators
and an extended particle content to address all the problems of the minimal SU(5)
GUT. An example is presented in Sec. See also Refs. [131-135] for a selection of
GUT flavor models.

Finally, the SU(5) framework does not naturally provide right-handed neutrinos, hence
neutrino masses and mixings cannot originate from an SU(5) breaking. Another scale
beyond the GUT scale is needed to realize the Weinberg operator for neutrinos with a
seesaw mechanism

SO(10)

The SO(10) as a GUT was found independently by Fritzsch, Minkowski [13§], and
Georgi [139]. An enticing feature of SO(10) is that all fermionic matter of the SM
is contained in the fundamental representation 16, reducing the number of Yukawa
matrices from three to a single matrix that describes all interactions. An SO(10) GUT
can be broken in various ways, yielding many possibilities to accommodate the SM
particles, including [140]

(45),(16)

SO(10) ———=  SU(5H) (standard SU(5))

so(10) IO spy5) e U(1)x (fipped SU() 5 40,
so@o) B9 sy e sU©2), @ SU@2)r  (Pati-Salam) '
so(10) BHMAG o3y L0 s5U@), 9 U(L)y  (SM)

Aside from SU(5), an important subgroup of SO(10) is the SU(4)c @ SU(2), ® SU(2)r

Pati-Salam group, where leptons and quarks are accommodated in the same multiplets.

The Pati-Salam framework has been studied extensively because of its potentially low
breaking scale, making it a viable candidate for leptoquark UV completions, see, e.g.,
Refs. [141-144].

2 A viable alternative is the “fipped” SU(5) [136], where v and e© as well as u¢ and d° switch places
in the 5- and 10-plets. See, e.g., Ref. [137] for a realization of neutrino masses in the flipped SU(5)
framework.
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However, the appeal of the SO(10) GUT to provide only one Yukawa interaction
~ 16r16r10g is also its drawback: the SM fermion mass relations cannot be accom-
modated at all without introducing a scalar 126y multiplet to modify them [145].
Consequently the SO(10) Higgs sector is even bigger than the SU(5) one. On the
positive side, the 126 generates naturally-small Majorana mass terms for the neutrinos
included in the 16-plet by virtue of a seesaw mechanism [146].

2.3.2  Leptoquarks

The so-called leptoquarks are typical byproducts of theories with unified Yukawa
interactions mediating transitions between quarks and leptons. They can appear as
spin-0 or spin-1 messengers, referred to as scalar or vector type, respectively. Scalar
leptoquarks arise as a consequence of an extended Higgs sector, while vector leptoquarks
correspond to the vector bosons of a broken gauge theory. In both cases, leptoquark
interactions can affect a variety of low energy and high energy processes, giving rise to
tightly constrained rare decays (cf. Sec. . If the leptoquark interactions are also
L- and B-violating, they can even induce rapid proton and Ovf3S decays, both so far
unobserved.

Despite the constraints, leptoquarks could be the missing puzzle piece to resolve the
many anomalies in the flavor sector. To this end, two GUT frameworks are outlined in
this section which contain leptoquarks that can modify the anomalous flavor observables.
It is plausible that these leptoquarks are also responsible for neutrino masses. Two
specific model realizations exploring this idea are presented in Chapter

A complete list of scalar and vector leptoquarks that can interact with the SM fermions
is given in Tab. The corresponding interactions are [147]

~Lsqr = M ufPpeS)+ AfgoﬁPReSg +AR aPls],, + Agmgpdgq p
+ M @PLioal Sy + Nk, qPRio2eS] , + N5 @ PrioaS]l + hee.,

_EVQL = )\‘IEOEV“PR(EVOL + )\‘];OE’}/“PRGV(L + )\%uﬁ’y‘uPLlVlT/zu (2'50)
+ A€1/2F7“PLZV1T/2” + AéoQVMPLlVOTM
+ M, PreVi,, + Mg PV I+ e
where Pr, and Pr denote the projection operators and o9 is the Pauli matrix. The
leptoquark couplings )\f’g are understood as 3 x 3 matrices in the quark-lepton space.
The leptoquarks are typically assumed to couple exclusively to left-handed or right-
handed quarks as they otherwise affect the well-measured ratio B(m — ev)/B(m — uv)
[148]. Such leptoquarks are referred to as chiral.
Furthermore, leptoquarks are also often assumed to couple to only one generation of
fermions to avoid rare decays like K; — pe. Leptoquarks with generation-diagonal
couplings are appropriately labeled first, second, and third generation leptoquarks. We
will specifically allow cross-generation interactions in this thesis to explain the recently
reported flavor anomalies. Adopting this assumption imposes stringent constraints on
our model parameters, which are discussed in detail in Sec. [£.3.2]
Direct collider searches usually consider only leptoquarks with generation-diagonal
couplings. The latest results exclude first generation leptoquark masses below 1 TeV at
95% C.L. |149], which is often adopted as a conservative lower limit in model building
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with leptoquarks. A comprehensive collection of leptoquark interactions with their
respective bounds is given in Ref. [150].

Leptoquark  (SU(3)c, SU(2)L)uq)y QEM B L
So (3,1)_1/3 —-1/3 1/3 1
Sy (3,1)_4/3 —4/3 1/3 1
S1 /9 (3,2)_7/6 (—2/3,-5/3) -1/3 1
S1 /9 (3,2)_1/6 (1/3,-2/3) -1/3 1
Sy (3,3)_1/3 (2/3,-1/3,-4/3) 1/3 1
Vo (3,1)_9/3 —2/3 -1/3 1
Vo (3,1)_5,3 —5/3 -1/3 1
Vijo (3,2) _5/6 (—1/3,—4/3) 1/3 1
Viso (3,2)1/6 (2/3,—-1/3) 1/3 1
i (3,3)_9/3 (1/3,-2/3,-5/3) —1/3 1

Table 2.3: Possible scalar and vector leptoquarks and their SM quantum numbers.

Leptoquarks in Pati-Salam Models

The simplest framework to unify quarks and leptons is provided by the SU(4)¢ Pati-
Salam gauge theory [151], in which the SM fermions of each generation are accommodated
in the same multiplets with leptons as the “fourth color”ﬁ The gauge group of Pati-Salam
models is extended and broken in two steps [152]

SU4)c@SU((2), @ SU(2)R
!
SU(3)e @ SU(2), @ U(1)y (2.51)

!

while the SM fields are usually accommodated in the following representations under

(SU4)c,SU(2),,SU(2)R):

fo = (47271)L — <Zr ng Zb 1/) ’
SRR (2.52)
ul ué ub v

fR = (4’172>R = ( Z g 2 c) :
d:. dg dg e R

However, variations of these assignments are possible, which require different scalar
representations to generate the fermion masses and initiate the breaking. For the

77177

3 The fourth color is often called lilac to resemble the of leptons.
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purpose of this thesis we discuss only the general aspects of Pati-Salam models with
respect to leptoquark interactions.

A few comments are in order to clarify the breaking chain in Eq. (2.51]):

1. Pati-Salam models achieve only partial unification as they do not attempt to
unify the gauge couplings, which usually pushes the breaking scale to around
Mgut ~ 10" GeV or higher. Without this constraint, the breaking scale can
be as low as a few TeV allowing Pati-Salam models to be tested at current or
next-generation experiments. The scale is then constrained only by low-energy
experiments and Yukawa unification. The latter predicts y, ~ yp at the unification
scale, which is consistent with the measured values at the Mz scale thanks to
renormalization group running if the gauge group is broken at a few TeV [142].

2. The SU(4)¢ alone breaks into SU(3)c @ U(1)p_r. The SM U(1)y is hence a
combination of the U(1)p_, and the broken SU(2)g [152]. A direct consequence
of the unbroken U (1), subgroup is that the SU(4)¢ leptoquarks do not violate
B — L, i.e., they do not induce proton decay. This statement, however, does not
hold for scalar leptoquarks, which emerge from the scalar representations and are
unconstrained by the B — L symmetry.

The Pati-Salam framework is a possible UV completion of leptoquark models, providing
low-scale vector leptoquarks corresponding to the SU(4)¢c gauge bosons, see Refs.
[141H144] for a selection of models. The fifteen generators A\, (a = 1...15) of SU(4)c
split into eight generators of SU(3)¢, one messenger corresponding to U(1)p_p, and
six new states mediating quark and lepton transitions that preserve SU(3)c @ U(1)p_r,

SU(3)c

R e SU(3) ®
An =2 iy~ ) U1)p-
SUB)c@U(l)p-r |U(1)p-

(2.53)

L
L

Since the SU(4)¢ symmetry is broken separately from SU(2)y, the exotic gauge bosons
appear as (3,1)s,3 under the SM symmetries SU(3)c ® SU(2), @ U(1)y, corresponding
to the vector leptoquark V. A flavor model based on this leptoquark is presented in

Sec. 321

The scalar leptoquarks reside in the multiplets that form invariants with the mat-
ter representations. These can be derived from the products (4,2,1); ® (4,1,2)g,
(4,2,1),®(4,2,1) and (4,1,2)p ® (4,1, 2)g. In Young-tableau notation the SU(4)¢
product yields

pa=lel l=1@15. (2.54)

=



2.3 UNIFICATION

The 15-plet can contain leptoquarks and decomposes under SU(3)¢ as

(14 [1]4]|1]4)[2]4] [1]1][1]2][1]3]
| 22 I 2 N S I ) N 2 I 2 ]
3 4] 4] |4 3] 3] I3
— _>—1 ,EB— y— y— @— ) — )y —
3 3 (2.55)
] [afa[al2][a]2][1][3][2][2][2]3][3]3]
20 130 120 3] 3] 3] 3] [3]
o4l 4] 4] 4] (4] 4] (4] 4] |
8
i.e.,
15-+13230308. (2.56)

Since the SU(4)¢ symmetry is first broken down to SU(3)c ® U(1) g1, the resulting
hypercharge Y is given by a linear combination of the U (1) g_1, and SU(2) g charges [152]

1
Y =3(B—L)+ I (2.57)

SU(2) g singlets have Isp = 0, while doublets decompose into the states % & —%.

Putting all the pieces together, the (SU(4)¢, SU(2) 1, SU(2) g) representations (15,2, 2),
(15,1,1), and (15,3,1) split into the following (SU(3)c, SU(2)1)y (1), fields:

(15,2,2) — (1,2) 1129 (3,2)1,6 D (3,2)7/6
~—_————  ——

812 5112
P (87 2)i1/2 S2) (ga 2)71/6 S (ga 2)77/6 )
g S
oo v (2.58)
(15,1,1) = (1,1)0® (3,1)1,3®(3,1)_1,3D(8,1)0,
N N——
s) So
(15,3,1) = (1,3)0®(3,3)1,5®(3,3)_1/3D(8,3)0 ..
———— ———
st S1

The (15,2, 2) representation not only provides the leptoquarks S; /o and S /5 but also
gives masses to the SM fermions through the Higgs residing in its (1,2);,o component. It
is therefore a common ingredient of Pati-Salam models. All remaining scalar leptoquarks
except Sg can be obtained from the SU(2), singlet and triplet versions of the 15-plet.

Leptoquarks in SU(5) Grand Unified Theories

The requirements of gauge unification and proton stability typically entail a very high
breaking scale that would render all messenger particles unobservable. However, if
this condition is dropped, the SU(5) symmetry can be broken at a lower scale with
a mechanism that prevents rapid proton decay. The question of gauge unification is
then postponed until SU(5) emerges from another symmetry, e.g., in the breaking of

SO(10).
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When SU (5) is broken to its maximal subgroup SU(3)c ® SU(2) @ U(1)y, the twenty-
four generators are divided into eight generators corresponding to the gluons of SU(3)¢,
the four EW SU(2);, ® U(1)y gauge bosons, and twelve additional mediators with
mixed SU(3)c ® SU(2) 1 quantum numbers [124]

SU(3)c
24 \a SU(3)C X
A, = Al — ~ SU (2 2.
i azz:l ) ( )L ( 59)
SU3)c®@SU(2)p, SU(2)L
Specifically, the adjoint representation splits up into
24 — (87 1)0 + (17 3)0 + (17 1)0 + (37 2)75/6 + (ga 2)5/6 ) (260)

where the exotic gauge bosons (3,2)_5,6 can be identified as the vector leptoquarks
V1/2. On the other hand, the flipped SU(5) is paired with an additional U(1) x, which
modifies the hypercharge of the exotic SU(5) gauge bosons. In this case the adjoint
representation 24 decomposes into |136]

24 — (87 1)0 + (17 3)0 + (17 1)0 + (3’ 2)1/6 + (gv 2)—1/6 (2'61)

yielding the (3,2) /6 vector leptoquarks V; /s.

To avoid rapid proton decay, leptoquark and diquark operators induced by the (3,2) _5/¢
and (3,2)1/6 states must not be present at the same time, requiring an underlying
quantum number similar to R-parity to forbid one or the other interaction.

Scalar leptoquarks emerge in SU(5) models that rely on extended Higgs sectors to
address problems such as Yukawa unification and the proton decay. Since the quarks
and charged leptons are accommodated in the fundamental representations 10 and 5 of
SU(5), the leptoquark states should be found in the tensor products [153]

1010 =530 45350,
1005 =5345, (2.62)
55=10015.

The resulting multiplets decompose under (SU(3)c, SU(2)L)y (1), into [153]

5=1(1,2)12®(3,1)_1/3,
—_——

So

10 = (1,1)1©(3,1)_2/3®(3,2)1/6,

—_——— ——

So 5'1\/2

15=(1,3)19(3,2)1/6D(6,1)_9/3,

— (2.63)

St/
45D (3,3)_1/3D(3,2)_7/6 D (3,1)-1/3D (3,1)4y3,
S1 S1/2 So 5*3

50 D (3, 1)_1/3 D (g, 2)—7/6 R
So S1/2




2.3 UNIFICATION

while the components of 5,10,15,45, and 50 follow from complex conjugation of Eq.

. Consequently, most scalar leptoquarks are found in the 45 representation, which
is an integral part of nonminimal SU(5) models to fix the fermion mass ratios and
proton decay predictions. Another representation in addition to 45 is necessary in order
to incorporate the S; /2 leptoquark, which, as will be shown in Sec. is relevant
for generating one-loop level Majorana neutrino masses. However, the fact that S /2
resides in a different multiplet can be viewed as an advantage of SU(5) as it explains a
possible leptoquark mass splitting. This mass difference can prove useful to suppress the
leptoquark mixing in models where the smallness of the neutrino masses is explained
with leptoquark interactions, cf. Sec. [4:3]
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MODELS ADDRESSING THE FLAVOR PROBLEM

Various SM extensions with flavor symmetries have been proposed in the literature to
solve some of the most pressing issues of the SM: the smallness of neutrino masses, the
puzzling pattern of fermion masses and mixings, and the existence of the three families
of quarks and leptons. Since the mixing patterns of leptons and quarks are significantly
different, it is challenging to implement a unique symmetry, able to describe the small
quark mixing angles and the large leptonic ones at the same time. Indeed, flavor models
in the literature often lack distinguishing properties and predictions.

In this chapter we construct two new models that are aimed at combining the quark
and lepton masses and mixings in one unified framework: a 2HDM with the Ss flavor
symmetry (Sec. [3.1)), and a grand unified model based on the SU(5) group (Sec. [3.2)).
The S5 model can be tested with searches for top quark decays, and the SU(5) flavor
model links the gauge unification scale to the origin of the Yukawa couplings and fermion
mixings by virtue of an FN mechanism. The conclusions are presented in Sec. [3-3]

3.1 AN S3-SYMMETRIC FLAVOR MODEL

With neutrino experiments increasingly constraining the mixing angles in the leptonic
sector, many models focus on explaining the near TBM structure of the PMNS matrix
through a nonabelian symmetry. Discrete flavor symmetries have shown a lot of promise
and Ss in particular, as the smallest nonabelian group, has been studied considerably in
the literature since 79|, with interesting results for quarks, leptons or both, and remains
a popular group [97H105].

In this section we make use of the S3 group to provide an elegant description of the
SM fermion masses and mixings in a 2HDM. By assigning the SM fermions under this
symmetry and using scalars transforming under the different irreducible representations
of S3, an existence proof of models is provided leading to the viable mixing-inspired
quark textures presented in Ref. [154].

The framework is extended to the lepton sector by modifying the down-type quark
texture for the charged leptons. Viable lepton masses and mixings are obtained with
the neutrino sector being completed with a type I seesaw mechanism.

The model itself can be tested through its specific predictions in the scalar sector. To
this end, the scalar potential is discussed in some detail with respect to processes that
constrain the parameters of the model such as t — ch and h — yy. Moreover, it is
shown that the VEVs required to explain the fermion masses indeed correspond to a
natural minimum of the potential.
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In Sec. the field and symmetry content of the model is described, followed by
a brief revision of the quark masses and mixing angles presented in Ref. [154] and
the equivalent analysis for the lepton sector in Sec. [B.1.2] Sec. [3.1.3] deals with the
implications of the extended scalar sector, presenting the Yukawa couplings, an analysis
of rare top decays, then considering the h — vy rate and the T" and S parameters. We
relegate some technical discussions that are relevant for the model to App. [C1}

3.1.1 The Model

We consider an extension of the SM with additional scalar fields and discrete symmetries,
which reproduces the predictive mixing inspired textures proposed in Ref. [154]

v Cl/\8 0 al)\?’ v 61)\7 fl)\ﬁ 0
My=—1] 0 bt a)? |, Mp=— 0 foX 0 . (3.1)
V2 0 0 V2 0 0 g\

as

where a;, (k= 1,2,3), b1, c1, g1, f1, f2, and eg are O(1) parameters. We assume that all
of them are real except a;. The matrices in Eq. provide an elegant understanding
of all SM fermion masses and mixing angles through their scaling by powers of the
Wolfenstein parameter A = 0.225 with O(1) coefficients.

The Cabibbo mixing arises from the down-type quark sector, whereas the up-type quark
sector contributes to the remaining mixing angles. The distinct textures required by
the observed mismatch of the down-type and up-type quark mixings are obtained using
two Higgs doublets distinguished by a symmetry (in this model, a Z3).

Besides the Z3 symmetry, other discrete symmetries help to shape the patterns in Eq.
(3.1). The purpose of each is summarized in Tab. and explained in the following.

Symmetry Function

S3 Connects Yukawa couplings and reduces parameters
Z3 Separates down-type from up-type quark mixing

Z} Suppresses up quark and electron mass

214 Implements FN mechanism

Table 3.1: Summary of symmetries and their function in the model.

The 2HDM is embedded in an S3 flavor symmetry, which is particularly suitable for
our purposes as it is the smallest nonabelian group with a doublet representation. By
combining fields in this multiplet, we utilize the S5 symmetry to reduce the number of
free model parameters, unifying the corresponding couplings.

Additionally, a Z; ® Z14 symmetry dictates the hierarchical structure of the fermion
masses and mixing matrices. Specifically, the Zj4 functions as an FN symmetry,
being the smallest cyclic symmetry that can induce 11-dimensional operators. These
nonrenormalizable operators are crucial to explain the hierarchical fermion masses with
natural O(1) Yukawa couplings. To account even for the tiny up quark and electron
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masses, the Z4 then further suppresses the respective mass terms through additional
scalar insertions.
The full symmetry G experiences a two-step symmetry breaking:

G=SUB)c®SUR2)L@U 1)y ®S3® Z3® Z5® Z1a
U0, (C),(€) ~A
SUB)c®SU (2),@U (1) ® Z3 (3.2)
I (¢2) ~ Apw
SUB)c@U (1)py

where the different scales satisfy A > Apw with Agw = 246 GeV.

The particle content and the assignments under the symmetry groups are shown in
Tab. In addition to the two Higgs doublets, four SU(2) singlet scalars shape the
fermion mass matrices, whose functions in the model are clarified as follows. Two scalars
are unified into an S3 doublet representation £. Its VEV breaks the S3 symmetry and
thereby generates a hierarchy between the first two rows of the down quark and charged
lepton mass matrices. Charged as (—1) under Zy4, the scalar x is responsible for the
hierarchical flavor structure as the flavon in the FN mechanism. Finally, the field
breaks Z4 and suppresses m,, and m. once it develops its VEV.

Explicitly, the VEVs of these scalars are denoted by

(€) = ve (1,0), ) = vy, (€)= v, (3.3)

i.e., the VEV of ¢ is aligned as (1,0) in the S5 direction. See App. for a discussion
of the minima in the scalar potential. To simplify the analysis we assume that these
VEVs have a common origin, manifesting at a the same scale A

Vg~ Ue ~ Uy = AN (3.4)

The two Higgs doublets are defined according to the typical conventions

o
o= ( % (v + pu+ i) ) ’ (3:5)
with
(¢z>=<3>, l=1,2. (3.6)
V2

Their VEVs should be in the same order of magnitude to obtain realistic fermion masses
and mixings, which is demonstrated in Sec. 3.1.2]
The assignments and symmetries shown in Tab. lead to the following quark Yukawa
Lagrangians:
U_ (w_ = @ o X T X
—Ly = €33 Q31,¢1u3R + €33 62L¢2u3RF t i3 61L¢2U3RF 57)
X e '
+5§3)QZL¢1URF +5%)Q1L¢1UR AB

+ h.c.,
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Field SU(Q)L Sg Z3 Zé Zl4

QL 2 1 0o 0 =3
q2L 2 1 0 0 =2
q3L 2 1 1 0 0
Ur 1 2 0 0 1
Usp 1 1 1 o0 0
dir 1 1 2 0 4
daopr 1 1 2 0 3
dsr 1 1 1 o0 3
lir 2 2 0 -3
lor, 2 0 0 0
I3 2 1 0 0 0
Lir 1 17 1 2 4
lar 1 1 0 0 5
Isr 1 1 0 0 3
ViR 1 1 0 O 0
V2R 1 1 0 O 0
o1 2 1 0 0 0
o)) 2 1 1 0 0

13 1 2 0 0 0

Y 1 1 0 0 -1

¢ 1 1 0 1 0

Table 3.2: Full particle content and assignments under the flavor symmetries.
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3 5 6
d)= d)_ d)_
3.8
6 7
d)_ X d)_ X
+ 5%1)‘12L¢2d1R7A6 + 651)q1L¢2leﬁ + h.c.,

where ﬁg{ and E{/) refer to the up-type and down-type quark Yukawa interactions,
respectively. The invariant Yukawa terms E%, and LY, for the charged leptons and
neutrinos, respectively, are

3 3 5
Ll = 5§,l33l3L¢1l3R% + 55212L¢IZBR% + 5§lg)l2L¢1l2R%
() X° () X'¢ (3.9)
+ €39 l3L¢1l2RE + 11 l1L¢2l1RF +h.c.,
PTG (71 S SUD SUN () R
—Ly =¢€q; l1L¢2V1RF + ey l1L¢2V2RF + ey lanP1nR
(3.10)

+ Egé)zzL&VzR+€:(;ZI)73L<$1V1R + Eé;)ZSLglVZR

+ MU RV R + MaUorvsp + Mo rvsp + hec.
These interactions are the source of the fermion masses and mixings, which are discussed
in the following subsections.

3.1.2  Fermion Masses and Mizings

Quarks
Using Egs. (3.7) and (3.8) we find the mass matrices for the up- and down-type quarks

in the form:

C1 )\8 0 CL1)\3 (&) )\7 f1)\6 0
m:% 0 biM ana? |, %:% X6 HA 0 |, (3.11)
0 0  as 0 0 ¢

(u,d)

where the combinations of order one coefficients € were redefined to resemble the
textures in Eq. . The down-type quark matrix deviates only in (Mp)a1, which is a
negligible perturbation of the original pattern.

The hermitian combinations MUM(T] and M DME

9 [ a1 \2 A6 4 c2N16 ayas\’ ajas\?
My, = %, atag)® MDA apazh? || (3.12)
a’{agA?’ agas\? a%
Mel + A7 eread® + fifpd 0
MpMp = S| e+ AT NG EN0F 0 | (313)
0 0 g3
are approximately diagonalized by the unitary rotation matrices Viy and Vp
VJMUMgVU = diag(m?2, m?,m?), VEMpMEVH = diag(m?2, m?,m3),
c13  s13s23€” —cozsize’® ciz2 sz 0 (3.14)

Vu ~ 0 23 593 ) Vb= —s12 c2 0 |,
s13¢70  —ci3803 €13C23 0 0 1
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where ¢;; = cosb;j, sij = sinf;; (with ¢ # j and i,j = 1,2,3), while ;; and J are the
quark mixing angles and the CP violating phase, respectively. They are given by

tan 912 >~ ‘};;)\, tan 923 >~ %)\2 s (3 15)
tan 613~ Z—;')\S, d = —arg(a) . '
And consequently, the up- and down-type quark masses are approximately
7
My CIAS%a mg ’elf2—€2fl|%va
me =~ bl/\4% s ms = fg)\5% > (3.16)
my a;;%, my o~ gl)\S%.

From a comparison with the Wolfenstein parametrization of the CKM matrix [cf. Eq.
(2.3)], we infer

a; ~ —AVp?+n2e’ ~ —0.3¢", by o~ /\T;Lt ~ 1.43,
a; ~ A~0381, 2 e ~ 127, (3.17)
az ~ 1, 6 = 67°.

To reproduce the Cabibbo mixing angle, the constants es and fy in Eq. should
be approximately equal. The remaining parameters ey, f1, fo, and g; are fitted to the
down-type quark masses and mixing parameters. Note that the model has in total ten
free parameters to fit the ten observables of the quark sector, i.e., the six quark masses,
the three mixing angles, and the CP-violating phase . However, the large parameter
budget not only reproduces these observables, but also accounts for the hierarchies
among them without the need of fine-tuning. The values of the quark sector observables
shown in Tab. [3:3] correspond to the best fit

e1~084, fi~04, fo~057, g ~142. (3.18)

The results are consistent with the measurements, which were taken from Refs. [6,155]
at the My, scale.

Leptons

We have demonstrated that the S3 flavor model successfully produces the quark textures
proposed in Ref. [154]. The analysis is now extended to the lepton sector for a unified
description of quarks and leptons in one framework. The charged lepton mass matrix

follows from Eq. (3.9) and takes the form

A& 0 0

M, = — 0 wA x|, (3.19)
\/5 0 yg)\5 22)\3

where z1, y1, Y2, 21, 22, are O(1) parameters, for simplicity assumed to be real. Like
the quark matrices, the symmetric product M;M, ZT can be diagonalized with a unitary
rotation matrix V; according to

1 0 0
Vi" MMV, = diag(m?, m2, m7) Vi=]| 0 cos —sin6 |, (3.20)
0 sinf; cos
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Observable Model  Measurement (£10)

my [MeV] 147 1.45%0:28

me [MeV] 641 635 =+ 86

my [GeV] 172.2  1721+40.6+£0.9
mq [MeV]  3.00 2.9194

ms [MeV]  59.2 57.71188

my [GeV]  2.82 2.8270:99

sinfi2 0.2257  0.2254

sinflas  0.0412  0.0413

sinfz  0.00352 0.00350
0 68° 68°

Table 3.3: Model and experimental values of the quark sector observables at the My
scale. The measurements were taken from Refs. [6,155].

with tan ; ~ —%. Consequently, the charged lepton masses are approximately given
by

v [y122 —y221] 5 v / v
Mme = wl)\Sﬁ y my, = \/22—’_72;2>\5\/§ y mr =~ Z% + Z%Agﬁ . (321)
1 2

On the other hand, the neutrino masses are explained in this framework through a
seesaw mechanism type I with two heavy right-handed neutrinos. The complete 5 x 5
neutrino mass matrix is

O3x3  MP
M, = (MD>T M , (322)
v R
with
T 0
V) oy V) o 1 54V112
MVD = €91 715 €99 735 , MR = ( lMlz 2M2 ) . (323)
V) oy V) p- 2
é1)71§ 53:2%

Since (Mg);; > v, the light neutrino masses are approximately given by

v

M,, = MPM;! (MD)T. (3.24)

The resulting real symmetric matrix can be diagonalized separately for the normal
and inverted neutrino mass hierarchy, predicting one mass eigenstate to be zero. The
remaining nonvanishing mass eigenstates in these cases are

1
my, =2 (W2 +X2+Y%iF \/(W2 — X2 4Y2)? —4k2X2 (W2 4 Y2)> . (3.25)

o7
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The definition of the parameters W, X, Y, and &, as well as the details of the computation
can be found in App. The leptonic mixing angles for NH and IH can also be
expressed as functions of these parameters and thus adjusted to the experimental data

W?sin?0,
Y2+ (1—cos26,) W2’

W?2cos? 0,
W24+yv2’

NH: sin? 019 = sin? ti3 =

2 3.26
2g (\/W2+Y2sin9,,cos€l—Ycos@l,siné?l) ( )
S s = (1 —cos?0,) W2 +4+Y? ’
Y?sin? 6 Y?2cos? 0
TH: in2 65 = Y in26y3 = ——— 2
R T W T o0, ) v2 T BT gy
2 3.27
) (\/ W?2+4+Y?2sin6, cos; — W cos 6, sin 01) (3:27)
in“ fy3 = .
S b (1 —cos?0,) Y2+ W?2
The analysis is further simplified by setting
1 =Y2 =2, (328)

so that eventually the charged lepton masses are determined by the three dimensionless
effective parameters x1, y1, and zo, whereas the neutrino mass squared splittings and
mixing angles are controlled by the four parameters x, W, X, and Y. Therefore, the
lepton sector has in total seven effective parameters to describe eight physical observables,
i.e., the three charged lepton masses, the two neutrino mass squared splittings and the
three leptonic mixing angles. The results shown in Tab. correspond to the best-fit
values listed in Tab. [3.4]

Hierarchy & W [eVY/?] X [eVY?] Y [eV7?] 2y Y1 29

NH 0.444 0.12 0.11 0.18 043 1.57 0.58
151 0.008 0.20 0.22 0.08 043 140 0.78

Table 3.4: Best-fit values that reproduce the observables in the lepton sector.

Given that the lightest neutrino is massless in this framework, the overall neutrino mass
scale is beyond the current experimental reach, including also the cosmological bound
Z%:l my, < 0.18 eV on the sum of the neutrino masses [18,20] and Ov/3/5 decay.

The obtained masses and mixing angles are in excellent agreement with the experimental
data, bearing some fine-tuning of the parameter x in the IH case. The IH parameter
set can fit m, better, implying a slight preference for IH in this framework. Note that
for the sake of simplicity all leptonic parameters were assumed to be real. However,
by allowing one or several parameters in the neutrino mass matrix to be complex, a
nonvanishing CP-violating phase indicated by recent observations [13] can easily be
incorporated.
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Hierarchy Observable Model value  Measurement (+10)
me [MeV]  0.491 0.487
m, [MeV]  102.8 102.8 4 0.0003
N m, [GeV] 14D 1.75 £ 0.0003
IH 1.77
Am3, [V 749x107°  7.497012 x 107°
Am3, [eV?]  253x 1070 252675080 x 1073
NH sin?f15  0.308 0.30870:913
sin?fp3  0.440 0.440715-023
sin?613  0.0216 0.02163 + 0.00074
Am3, [eV?] 749 x 1070 7497012 x 107°
Am3; [eV?]  251x 1073 25187003 x 1073
IH sin?f15  0.308 0.30870:913
sinfy3  0.584 0.58410:938

0.02175 £ 0.00075

sin® 63 0.0217

Table 3.5: Model and experimental values of the lepton sector observables, for the
normal (NH) and inverted (IH) hierarchy using the best-fit values shown in Tab.
The experimental values were taken from NuFit 2.2 (2016) [13].

3.1.3  Scalar Phenomenology

With the plethora of flavor models on the market, an analysis of the scalar sector,
including the mass hierarchies and decay channels, can be the most crucial tool to
distinguish between the viable frameworks.

In this section the scalar potential is analyzed with respect to the physical states and
their fermion couplings. To this end, the scalar sector is reduced to the low-energy field
content, which has the biggest impact on testable FCNCs. As shown in the following,
the model can be probed by searches for rare top decays, which have potentially large
branching ratios in the model and are weakly constrained by current experimental data.

Since vy ~ vg ~ v¢ > vsM, the low-energy scalar sector consists only of the two Higgs
doublets, implying that the scalar degrees of freedom are the same as in any 2HDM.
Consequently, we expect two massive charged Higgses (HT), one CP-odd Higgs (A°)
and two neutral CP-even Higgs (h, H®) bosons. The scalar h is identified as the SM-like
126 GeV Higgs boson found at the LHC, while the neutral 7% and charged 7% Goldstone
bosons are associated with the longitudinal components of the Z and W¥ gauge bosons,
respectively.
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The renormalizable scalar potential involving only the SU(2) doublets ¢;(i = 1,2) reads

2 2
Vig) =—-Y uF(glen) + > Ki(dli)?,
=1 =1
V (1, 62) = v12(6] 1) (d5d2) + K12 (] d2) (dhn) (3.29)

2
V(6680 = Me(69)1 + M) + A (¢1O)] Yo Millen)
i=1
whereas the remaining terms are

V(&) = =1 (€)1 + 7e,3(£€)2€ + e 1 (€€)1(E€)1 + ke 2(£€)2(£8)2
(x) = =2 (xX"x) + ry (X ')?,

(¢) = =12 (¢TQ) + re(¢T0)?,

V(€)= X(€8)1(x™x) + X3(€6)1(¢7¢) + (T (T x) -

The high symmetry of the potential leaves an accidental ungauged U (1) intact that
results in an additional Goldstone boson, unobserved by experiments. Therefore, to
obtain a viable low-energy model with only three massless Goldstone bosons, the
following soft-breaking terms are considered

Veott (¢ x) = =3¢ (Cx + ¢TxT)
Vaor (65, 65) = —1ids [ (0]62) + (0on )] -

The mass matrices of the low-energy CP-even neutral scalars pq 2, the CP-odd neutral

v 3.30
v (3.30)

(3.31)

scalars 112, and the charged scalars gpfg can be written as

M = 1 2%10%‘*‘%/;%2 7”132—/%%22 ’ (3.32)
2\ yuive —pip 2k203 + budy
2 v2
M2 .
M;? — 2( 111 N ) , (3.33)
v
o U3y + K12v102 T
Mf = FREZERE(wo ). (3.34)
v2

According to the typical 2HDM conventions, the physical scalar mass eigenstates are
connected with the weak scalar states by the following relations [116,|156]

(0) = (e o) (o) o9

() = (o ) () "

(5) = (5 2 (2). oz
V2

9 2
(yvivz — pif) tanf = —. (3.38)

2 _ a2 2 (v2 _ w1’ v
2 (/fl'Ul /i2'l)2) + /"612 (Ul 1)2) 1

with

tan 2a =
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The physical scalar masses are hence given by

_ 1 3 2 2
my = 721/ K17 + KoU1v5 + (19U
1

1
2.2 2 2,4 2,2 2,4 4
—5\/727)1112 — 27pui901V2 + K{UT — 2K1K20T V5 + K5U5 + [Ty ,

1
my = o1 (nlvzf + Kov1 V3 + M%21)2) (3.39)

1
2,2 2 2,4 2,2 | 2.4 4
+§\/72U1U2 — 2yp1au1V2 + KTUT — 2K1K207V) + KjUy t+ iy

2 2
9 pig (V2 | U1 2 P + K120102 (112 Ul)
m = —=|—=+—], miyy =——""—""|—4+—],
A? 2 (Ul N U2) = 2 vy N U2
where h corresponds to the SM-like Higgs boson observed at the LHC. In the following
section we determine the Yukawa couplings associated with each physical scalar to

identify the allowed ranges of «, 3, and the scalar masses.

Yukawa couplings and FCNCs

Thanks to the specific shape of the Yukawa couplings dictated by the discrete symmetries,
the present model is flavor-conserving in the down-type and charged lepton sectors,
which is a special case of Yukawa alignment [117,157,/158]. The scalar ¢2 generates the
masses of the first two down-type quark generations, whereas ¢; is responsible only for
the bottom Yukawa; conversely, ¢o is associated only with the electron Yukawa, while
¢1 generates the masses of the remaining charged leptons. The Yukawa couplings of
both scalar doublets are therefore aligned in these sectors. Due to the lack of FCNCs in
the down-type sector, the tightly constrained K and B meson oscillations are protected
against neutral scalar contributions. Mixing occurs exclusively in the up-type sector,
where both ¢ and ¢2 couple to the third generation of up-type quarks. Consequently,
top quark FCNCs arise that can probe NP since the associated processes are strongly
suppressed in the SM. Explicitly, we obtain the following structures for the up- and
down-type Yukawas in the scalar and fermion mass bases using the rotation matrices
(3.14), (3.20), (2.21) and the corresponding transformations of the right-handed fields:

h h h _ Ca™Mq
o [ e v v % am g
Yo = | Yaa Yss Ui =V2| 0 —fme 0|, (3.40)
Yva  Ybs Yb 0 0 ";”T‘;a
H H H _ MdSa
o “ ma
Yyt = Vg Yss Vs =2 0 —fee 0 : (3.41)
Yoa  Ybs Ynb 0 0 -2
mySq me Ca Sa
(e ol e 0 BVaVi (S i)
Y, = y%u y% y% ~v2| 0 men myuy, (@) | (3.42)
2 Sa 4
You Yie Yu 0 0 %(th%ﬁ_@(/\ ))
CaMay _my Sa _ Ca
" Yer, Ui it veg 0 v va“b(% CB)
YE=| gl oy gl | ~—v2| 0 ame _myv,(smoow) | (343)

cp
H ,H ,H
Yiu  Yie Yur 0 0 e (Vt%i—g + (’)()\4))
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where the V;; denote the CKM matrix elements. Furthermore, the mixing angles o and
[ are defined in Eq. . Like in other 2HDMs, the couplings depend crucially on
the parameters a and [, but should comply with the current bounds if tan 5 is neither
unnaturally large nor small, in which cases deviations from the bottom and top Yukawa
couplings with respect to the SM become very large. This agrees with the previous
statement that the fermion mass hierarchies and mixings are best explained by tan 3
values of O(1). As explained above, FCNCs are absent in the down-type quark sector
since the matrices Ydh’H do not have off-diagonal entries. The up-type Yukawa couplings
Yu};’ﬁ, however, allow for the tree-level decays ¢t — hq (¢ = u,c), whose branching
ratios are currently limited by ATLAS to B(t — hq) < 0.79% @ 95% C.L. |159] and by
CMS to B(t — hq) < 0.56% @ 95% C.L (observed limit) and B(t — hq) < 0.657029%
(expected limit) [160]. Since yZ{fH is negligibly small compared to y?t’H, we consider
only the stronger CMS constraint that can be interpreted as an upper bound on the
off-diagonal top Yukawas

2
2m S c
Y2 + [y = vam; ViV [ 22+ =2 )| <o0.14, (3.44)
v cg S3
which translates to
2] 340, (3.45)
353

The ¢t — ch channel is particularly interesting since its branching ratio B(t — hc)gy ~
1071° is extremely suppressed in the SM [159]. As shown in Figs. and the model
predicts branching ratios of ©(0.01%) in some regions of the a- plane, which can be
probed at future collider experiments searching for flavor-violating top decays.
Recently an analysis of up-type FCNCs in the 2HDM type IIT has been performed [161]
parametrizing the flavor-violating y/; coupling as y/, = 1Ay+/2mym, according to the
Cheng—Sher ansatz [162]. Focusing on the cc — tt as well as the ¢ — cg channels, the
authors find that A, can still take values of up to 10 — 20 depending on the neutral
heavy Higgs mass. With y?t x %VcbV}b\/imt our model corresponds to A\ = % and is
therefore well below the critical region. Indeed, following the analysis of [163], we find
numerically that the loop induced decays t — cg, t — ¢y and t — ¢Z are several orders
of magnitude below the current LHC sensitivity. The respective loop functions were
taken from Ref. [163] and are compiled in App. Explicitly, varying the free model
parameters «, 3, and the scalar masses myg, ma and myg+, we expect the branching
ratios to be approximately

B(t —cg) ~0(107%), B(t—cy) ~010712), Bt —cZ) ~0(10713), (3.46)
which are way below the current upper limits from ATLAS and CMS [164,/165]
B(t — cg) <1.6x107%, B(t — ¢y,¢Z) <5x 1074 (3.47)

The largest branching ratio of the three channels in our model, B(t — cg), is shown in
Fig. m as a function of v and 3 for fixed my and ma4, as well as for variable my and
my4 with fixed o and g in Fig. As it turns out, the charged Higgs contribution is
tiny and does not affect the prediction for any values of m g+ .
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Br(t—ch)[%]
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Figure 3.1: B(t — hc) [%)] shown in the a-f3 plane. The flavor-violating y(]}tH couplings
are enhanced for small 3 values leading to a potentially large B(t — hc) observable at
future experiments.

0.003

0.002/

Br(t->hc)[%]

0.001}

0.000

Figure 3.2: B(t — hc) [%] shown as a function of « for § = 7/10 (blue, solid), 8 = 7 /6
(red, dashed) and 8 = 7/3 (yellow, dotted).
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Br(t—cg)
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Figure 3.3: B(t — hg) depicted

in the a-f plane with

5.00x 10710

myg = my = 500 GeV.

Br(t—cg)
T T T T T T T T T T T T T T T T T T T T T T T T T
9005/ 1 —1.0x107°
800 ]
[ ] | ~10
7001 ] 9.5%10
> L 1
[} E 1
O, 600 ]
< [ |
g I ] -9.0x10710
5001 |
400 ]
I ] 8.5x10710
300 L L L L Il L L L 1 L L L 1 L L L 1 L L L L L L L L
300 400 500 600 700 800 900
my[GeV] 8.0x10710

Figure 3.4: B(t — hg) shown as a function of my and my for « = 7/3 and g = /4.

The decay rate is to a large extent independent of the charged Higgs mass my«.
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The charged lepton Yukawa matrices

TV %t 00

P=v2l oyl of, o | =v2] 00 B 0, (3.48)
yre oyl oyl 0 0 Zee
Yer Uiyl 0 0

vi=val oL ol yl |=v2[ 0 =522 0 (3.49)
yih byl 0 0  —Cams

veg

are also free of FCNCs due to the vanishing off-diagonal Yukawa couplings. Consequently,
the h — p7 channel is SM-like, which is not generally the case in multi-Higgs models
with discrete symmetries. An example model with Higgs-mediated flavor violation
explaining the h — p7 anomaly is presented in Sec.

Finally, the charged Higgs couplings that are relevant, e.g., for Bg}d — Egd mixings and

the radiative decays b — ¢y (¢ = s,d), are given by

Vid ¢ mu _ Vusy me 7% my
. Ydu Yde Ydt VZiVZih Ty th B tdvtg
VI = V2 e e ww | = V2| palmtete Ptete Vigs |, (350)
You  Ybe  Ybt 0 0 V;ﬁbtﬁ%
N Yud  Yus Yub Vud ZJHTZ Vu Z:‘,LB VUbt/B %
YA~ = V2| Yot Yo ya | =V2 Vervit Vool Vst |, (3.51)
Ytd Yts Yo Vig e Utﬂ Visog v Viptg ot
V2m V2m V2m
e = i = YHi = Mtg (co, — s0,) [ » Ttg (Cel +sg,) . (3.52)

The last equation is understood as a sum over the neutrino mass eigenstates, as the
neutrino flavor is typically inferred only from the signature of the corresponding charged
lepton. The mixing angle §; was defined in Eq. .

The 2HDM type I1 is disfavored as an explanation of the anomaly observed in B — D™y
decays [41]. However, flavor-violating 2HDMs provide two operators instead of one to
fit the observable. This new operator is represented here by the YLH - couplings, the
relevant entry ;. being zero. Hence, no deviation from 2HDMs of type II is expected
in this channel.

Recently the lower bound mpg+ > 480GeV at 95% C.L. was derived from b — sv
measurements for the 2HDM type II [32]. This constraint depends on higher-order QCD
corrections, therefore, computing the limit in the present framework is beyond the scope
of this analysis. Instead we adopt a conservative lower bound of mg+ > 500 GeV in
the following sections.

Constraints from h — v

In this model the h — v~ decay receives additional contributions from loops with the
charged scalars HT, as shown in Fig. and therefore constrains their masses as well
as the mixing angles « and (5.
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Figure 3.5: One-loop Feynman diagrams in the unitary Gauge contributing to the
h — v decay.

The explicit form of the h — v decay rate is [166]

2 .3
Qg

T(h—yy) =M 0
(h=97) = S5m0

) 2 (3.53)

LHFU
x (2 angsNeQFFaya (o) + anww Fi (ow) + =50 =Fo (opr=)
7 Mh+
2
Here, p; are the mass ratios g; = 4m7h_2, with M; = my, My, and my=, agy is the fine

structure constant, N¢ is the color factor (No = 1 for leptons, No = 3 for quarks),
and @y is the electric charge of the fermion in the loop, which is dominated by the top
quark. Furthermore, A\, g+ is the trilinear coupling between the SM-like Higgs and a
pair of charged Higgses given by

MHEHT = —WU sin2f cos (a+ ) . (3.54)

The factors any; and apyw are defined as the htt and the AW W ~ coupling, respectively,
normalized by their SM expressions to measure the deviation from the SM. In terms of
« and 3 they read

sin o .
Ahtt = cosf’ apww = sin (o — ) , (3.55)

where in apy; we neglected the contribution suppressed by small CKM entries.
The dimensionless loop factors Fy (¢), Fi/2 (0), and Fi () for spin-0, spin-1/2 and
spin-1 particles in the loop, respectively, are [167}/168]

Fija(e) =2[e+(e—1) f (o)l ¢,
Fi(0) = —[20° +30+3 (20— 1) f (0)] 02, (3.56)
Fo(o) =—le—f(o)le™?,
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with
arcsin? VO, for p<1
0) = — 2 3.57
/o) —i{ln(H 191)—i7r] , for p > 1. ( )
1—\/1-0~1
To determine the bounds imposed on the model by the Higgs diphoton channel, we

introduce the ratio R,, which normalizes the vy model prediction relative to the SM
expectation

opp—=Ml(h=yy) o T(h=)
o (pp = h)gu T (h = 7Y)sm "IT (h — TY)sm

R, = (3.58)

This ratio has been measured by CMS and ATLAS with the best-fit signals [169}/170]
ROMS — 1147928 and  RATMAS —1.1740.27. (3.59)

Fig. [3.6] shows the sensitivity of R,, under variations of the mixing angle a for
mg+ = 500 GeV, v12 + k12 = 1 and different values of 3. As the mixing angle S is
increased, the range of a consistent with LHC observations of A — v+ moves away from
7/2. On the other hand, the decay rate is largely independent of the charged Higgs
mass or the sum of the couplings v12 + 12, which is consistent with the contribution
mediated by charged scalars to the process being a small correction. In fact we checked
numerically that it stays almost constant when mg+ is varied from 500 GeV to 1 TeV
for fixed values of «a, 3, and the quartic couplings of the scalar potential. For the same
values of the charged Higgs mass and quartic couplings, we show in Fig. [3.7]the Z-shaped
allowed region in the a-3 plane that is consistent with the h — v decay rate at the
LHC, and overlay it with the relatively weak bound that arises from top quark
FCNCs.

141

1.2

0.0 0.5 1.0 15 20 25 3.0

Figure 3.6: The ratio R,y shown as a function of the scalar mixing angle a for
mp+ = 500 GeV, v12 + k12 = 1 and different values of the mixing angle 3; the blue, red
and green curves correspond to 3 set to 0, & and 7§, respectively, and the horizontal lines
are the minimum and maximum values of R, measured by ATLAS and CMS [169}/170].
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Figure 3.7: The allowed region in the a-f plane consistent with the Higgs diphoton
decay rate at the LHC (purple), superimposed with the constraint (3.45)) (red).

T and S Parameters

The additional scalars affect the oblique corrections of the SM parametrized in terms of
the two well-known quantities 7" and .S, which are measured in high-precision experiments.
Consequently, they further confine the parameter space of the model. In this section we
calculate one-loop contributions to the oblique parameters T and S defined as |171]

_ a3 (¢%) — 1T (¢) g — 2sin20w dllo () (3.60)

apn(Mz) M, |, apmu(Mz) —dg |,

T

ITy; (0), T35 (0), and IT50 (¢%) are the vacuum polarization amplitudes with the {W,}, Wl}},
{Wl‘j’, Wj’} and {Wg, B, } external gauge bosons, respectively, where ¢ is their momen-
tum. Note that in the definitions of the T" and S parameters, NP contributions are
assumed to be heavy compared to My, and M.

To analyze the deviations from the SM, the T" and S parameters are split into an SM
and a BSM part T' = Tgy + AT and S = Sqv + AS. The reader is referred to App.
for the Feynman diagrams contributing to the 7" and S parameters (Figs.
and and the respective loop expressions.

The measurements of 7" and S confine the parameter space to an elliptic region in
the AS-AT plane. These are the contours shown in Fig. at 95% C.L., where the
origin AS = AT = 0 is the SM value with mj; = 125.5 GeV and m; = 176 GeV. We
study the T' and S parameter constraints by considering two benchmark scenarios, while
setting o — 3 = £. In the first case the CP-even and CP-odd neutral Higgs bosons are
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assumed to have degenerate masses of 500 GeV. In this scenario, the T' and S parameters
constrain the charged Higgs masses to the range 550 GeV < mpy+ < 580 GeV, which is
consistent with the lower bound my+ 2 500 GeV obtained from b — sy [32]. In the
second scenario, the charged and CP-even neutral Higgses have degenerate masses of
500 GeV. In this case, the limits are fulfilled if the CP-odd neutral Higgs boson mass
mY lies between 375 GeV and 495 GeV.

0.3 h 0.3 .

0.1 7 0.1 b
0.0 AS 0.0 AS
-01r 7 -01r b
-02 7 -02 b
P e P B R R b . P RS B
-02 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2

(a) (b)

Figure 3.8: The AS-AT plane, where the ellipses define the experimentally al-
lowed region at 95% C.L. for a — 8 = . The figures (a) and (b) correspond to
myo = mgo = 500 GeV and mpyo = my+ = 500 GeV, respectively. The charged Higgs
and CP-odd neutral Higgs boson masses vary between 550 GeV < mpg+ < 580 GeV
(a), 375 GeV < myo < 495 GeV (b). The nearly vertical lines going up towards the
ellipses define the values of AT and AS in our model as the masses are varied in the
aforementioned ranges.

3.2 FERMION PHENOMENOLOGY IN AN SU(5) GUT MODEL

GUTs supplemented with global flavor symmetries are a promising setup for a unified
description of fermion interactions. This is motivated by the fact that leptons and
quarks are part of the same multiplets of the GUT group, which connects their masses
and mixings [172,/173]. Various GUT models with flavor symmetries have been proposed
in the literature to unify the fermion interactions [131-135]. For a general review see
for example [121},174].

As pointed out in Sec. the minimal SU (5) GUT with fermions in the 5 + 10 and
the scalars in the 5 4 24 representations, predicts the wrong fermion mass relations,
a short proton life-time, and the gauge unification is in tension with the values of ag,
sin By, and agy at the My scale.

Some of these problems can be solved by an extension of the model field content with
a scalar 45 representation (7,127, 130,(175({177]. However, this extended SU(5) GUT
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fails to shed light on the Yukawa coupling hierarchies. This motivates implementing
a generalized FN mechanism [178], where the fermion mass hierarchy is explained by
special U(1)¢ charge assignments of the SM fermions.

Consequently, we propose an extended version of the SU(5) GUT model with an
additional global flavor symmetry Ay x Zy x Z x Zj x U(1)¢. The discrete A4 and the
three different Z> symmetries shape the fermion mass and mixing matrices, while the
U(1)s symmetry explains the hierarchies among them by virtue of a generalized FN
mechanism [178].

Addressing the flavor problem with an SU(5) GUT requires a significant extension of
the scalar sector. The role of each scalar field and the corresponding assignments under
the symmetry group of the model are explained in detail in Sec.

On the other hand, the light neutrino masses are generated using only one right-handed
neutrino with a radiative seesaw mechanism. The smallness of the neutrino masses is
a consequence of the small one-loop contributions, implying that the TeV scale right-
handed neutrino is in LHC reach. For a general discussion on the radiative seesaw in
the context of flavor symmetries, the readers are referred to Ref. [179].

The model manages to describe the SM fermion masses and mixings with 14 free
effective parameters that reproduce 18 observables, i.e., the nine charged fermion masses,
two neutrino mass squared splittings, three lepton mixing angles, and the four CKM
parameters. Sec. contains a comprehensive study of the fermion masses and
mixings in the model framework.

3.2.1 The Model

Besides the U(1); FN symmetry, the model is supplemented with the tetrahedral
symmetry A4, which accommodates the three fermion families naturally in its triplet
and three singlet representations. Furthermore, three distinct Z5 symmetries are utilized
to shape the Yukawa interactions and fermion mixing matrices. Their specific role will
be clarified in the following paragraphs. The additional flavor symmetries and their
function in the model are summarized in Tab. 3.6

Symmetry Function

SU(5) Grand unification

Ay Creates family structure and mixings

U(l)s Implements FN mechanism

Zo Forbids tree-level neutrino masses

VA Reduces model parameters in scalar potential

zy Separates down-type from up-type quarks for realistic CKM mixing

Table 3.6: Summary of symmetries and their function in the model.

The complete list of fields with their symmetry group assignments can be found in Tab.
3.7 and is explained as follows. All SM fermions are accommodated in three copies of
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Field SU(5) Ay  Zy Zb ZY U(1)s

Y = (P1,%2,13) 5 3 1 1 -1 QY
Y,¥,¥3 10 1,117 1 1 1 QY. Qf of
Ngr 1 1 -1 1 -1 0
H, 5 1 11 -1 QY
Hy, H3, Hy 5 1,171 1 1 1 Q¥.Q%, Qf
® 45 1 1 1 -1 Q®
Y 24 1 1 -1 1 —1/2
§=(&1,€2,83) 1 3 1 1 Q¢
X = (x1,x2,X3) 1 3 1 -1 1 0
S =(51,52,53) 5 3 -1 1 1 QS

Table 3.7: Fields and their assignments under the additional symmetries.

the SU(5) representations 5 and 10, as shown in Eq. . The three quintuplets
1 = (11,19,13) are combined in a triplet representation of A4, while the three decuplets
¥1,¥,, and ¥3 are assigned to the three distinct singlets 1,1, and 1”, respectively.
To build Yukawa interactions for the down-type quarks and charged leptons, the scalar
sector contains a 5-plet Hi, and an A4 triplet flavon & that contracts the A4 triplet .
A total of three 5’s, Hy 34 in different A4 singlets are responsible for the up-type quark
masses. The Zj symmetry is used to separate H; from Hp 34, which is necessary to
generate the nontrivial CKM mixing as demonstrated in Sec. [3.2.2]

Finally, to generate neutrino masses radiatively, two more scalar A4 triplets are intro-
duced, x = (x1,x2,x3) and S = (S1,52,53). A Zy symmetry is exploited to forbid
interactions between S and the SM fermions except the neutrinos. The same Z» also
prevents S from acquiring a VEV by demanding the Z5 to be preserved after EW
symmetry breaking. As a consequence, the neutrinos do not obtain masses at tree level.
The right-handed neutrino N is a singlet under A4 as well as SU(5), which is crucial
to construct the necessary Majorana mass term.

Last but not least, the X field in the adjoint representation 24 simultaneously breaks
the SU(5) as well as the U(1) symmetry, uniquely connecting the GUT scale with the
origin of flavor. The full symmetry G is hence broken in two subsequent steps

G=5U(5)®@A®Zy ® Zy @ Zy @U (1)
4 (E), () ~ Acur

SUB)®SU((2),@U (1)y ® Zo® Zy (3.61)
U (Hi), (®) ~ Apw

SU (3) 0 ®U (1) gy ® Za

71



72

MODELS ADDRESSING THE FLAVOR PROBLEM

where the first set of symmetries is broken at the GUT scale Agut ~ 106 GeV. The
second breaking is induced by the VEVs of H; and & residing at the EW scale. Since it
is not decisive for the breaking, the scalar y may receive its VEV anywhere between
these two scales. However, a value around the TeV scale can prove useful for explaining
the small neutrino masses and TBM mixing, as will be clarified in Sec. [3.2.2]

The Z} symmetry, broken at the GUT scale, forbids terms with odd powers of y. Besides
reducing the number of parameters in the theory, the symmetry thereby selects a favored
VEV alignment for x in the A4 space, cf. App.

With all these considerations, we find the Yukawa interactions given in App.
which are the basis for the discussions of the lepton and quark masses and mixings in
Sec. B.2.2

The lightest of the physical neutral scalars of Hj 234 and ® should be interpreted as the
SM-like 126 GeV Higgs observed at the LHC [5]. The SM Higgs receives its dominant
contribution from the CP-even neutral scalar of Hs, which also dominates the top quark
mass, as shown in Sec. [3:2.2]

However, considering the large number of scalar representations required to break down
the intricate pattern of symmetries, the model is not predictive in the scalar sector.
The low-energy effective theory corresponds to an 8HDM with three scalar singlets
and one color octet, i.e., the model has a multitude of relatively light neutral scalars.
For comparison, the LHC signatures of TeV octet scalars in an SU(5) GUT model
extended with the 45 representation are studied in Ref. [180]. Further details on the
scalar potential and the VEV alignments are reserved for App.

3.2.2  Fermion Phenomenology

Leptons

The charged lepton mass matrix follows from Eq. (C.24) by using the A4 product rules
given in App. B2}

M, = Vdeiag (Me, My, mz) (3.62)
with m, — \/UQ&A (am‘“vg) _ 651;#’1%) :
my, = ngW%g) — 626" v0) | (3.63)
m, = \/UgA(a na%g) - 653/{1731}@) ,
and 1 - 12 -
VlL:ﬁ i :}2 w , w=e€3 (3.64)

Since «; and f; (i = 1,2,3) are roughly of the same order of magnitude, and the VEVs
vg) and ve are of the order of the EW scale v ~ 246 GeV, the hierarchy of the charged
lepton masses is largely explained by their FN charges a; and b; (Eq. .

As the scalar S does not acquire a VEV, the neutrino masses are generated only at
one-loop level from radiative corrections by S interacting with the scalar x, as depicted
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in Fig. 3.9] These interactions are caused by the quartic terms in the scalar potential

AN 7 AN 7
N 7/ AN 7
U , U U s U
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N N
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/ \ / \
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Figure 3.9: One-loop diagrams contributing to the neutrino mass matrix, where H? and
AY denote the CP-even and CP-odd neutral components of the scalars S;.

(assuming vy > v)

V(8,30) = AP (5187), (001 + A (518Y) ()
+ 257 (5187, 0oun + (S157) ,, (00 ] (3.65)
+ )‘515X) [ei% (Slsl)3a (XX) 3 + h.c.} ,

where the subscripts 1,1’,1”,3a, and 3s refer to the respective projection on the
component of the products.
For simplicity, the quartic couplings are assumed to be nearly universal, i.e.,

A= A0 =\ =\ (3.66)

where the deviation from universality is measured by the parameter €. A nonzero value
of € is necessary to generate the two mass squared differences, resulting in the neutrino
mass matrix [112]

Ae2¥ 0 A
M, ~ 0 B 0 , (3.67)
A 0 Ae 2w

with

2 2 M M
yy 2 2 EvX H? A(l)
A~ —2v VM2 — M X\ |D - D
167T2MN{< A 49T 5 [ 0<MN O\ My
2 M M
Ev A0 HY
M2, — M?> X\ \D s | - D 3 3.68
*( g AS*z)[()(MN) (M)H (3:65)

ey M 0 M 40
Bz% Dy H — Dy - ;
1672 My My My
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and

2 2 2
tan 20 ~ | 2 Mag ~ My 1 (3.69)
= e\ M2, M2, =202 ’ '
3 1

A3
where Mo and Mo (i = 1,2,3) are the masses of the CP-even and CP-odd neutral
components of the SU(2) doublets S;. The function Dy(z) is defined as [181]

—1+4+2% —Inz?
Dy(x) = 127 (3.70)

The neutrino mass matrix depends on the three effective parameters A, B and 1, which
are different combinations of the model parameters. To obtain two massive neutrinos,
the parameters A and B must be nonzero, implying € # 0, and m4, # mg,. While the
masses are determined solely by A and B, the PMNS matrix is fixed by the parameter
1, as will be shown below.

The complex symmetric Majorana matrix M, is diagonalized by a unitary rotation of

the form
cosf 0 sinfe
V., = 0 1 0 P,, with
—sinfe’® 0 cosf (3.71)

P, = diag (/2 c2/2, /%) | =2, and ¢ =20,

where «;(i = 1,2,3) are the Majorana phases. The system has two solutions 6§ = +7,
which are shown in Tab. where the positive and negative solution correspond to
NH and TH, respectively.

Hierarchy 0 my, my, my, o a a3

NH =4 0 B 24 0 0 ¢
IH —v/+ 24 B 0 —¢ 0 0

Table 3.8: Correlation between the model parameters and observables in the NH and
IH case.

With Vi, [Eq. (3.64)] and V,, [Eq. (3.71)], we can determine the PMNS matrix

cosf _ e'?sing 1 cos 6 + e sinf
V3 V3 V3 V3 V3
U= VT V. cosf eiqﬂ% sin 6 67% e% cos 6 + e sin g P 3.79
=VuVv=| S5 - v R 73 v (372)
ip—2im . 24 _2im id s
cosf e 3 sinf e 3 e 3 cosf 4e 9 sin 0
V3 V3 V3 V3 V3
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The mixing angles can be derived by comparing with the standard parametrization [6]

) Uss|? 1
sin? 6y = e = ,
s 2Feosd
sin?f;3 = |Ues|? = g(l +cos¢), (3.73)
g Ui 2 F (cos ¢ + V/3sin ¢)
Sin «923 = 7 = s
1 — |Ues| 4F2cos¢

where the upper sign corresponds to NH (0 = +7/4) and the lower one to IH (0 = —7/4).

Note that TBM mixing is best produced for ¢ = 0 (IH) and ¢ = m (NH). Since 6 = £7,
the Jarlskog invariant and the § CP phase vanish in these limits

* * 1
J =1 (UaUpnUsU ) ~ G20 =0, (3.74)
8J
ing = = 0. 3.75
St cos 013 sin 2075 sin 2053 sin 26013 ( )

The TBM ansatz is, however, only a first approximation to explain the actual data.
Hence, in the following we adjust the free parameters of the model to reproduce the
measurements given in Tabs. [A.2] and [A] It is noteworthy that, while A and B control

2

the two mass splittings Am2, and Am only a single parameter ¢ determines all

atm>
three neutrino mixing parameters sin? 63, sin? 61 and sin? fa3 as well as the Majorana
phases «;. Using the experimental values from Tabs. [A22] and [A.5] we obtain the
best-fit results shown in Tab. for NH and IH. The mixing angles 613 and 63 are
in good agreement with the data, while 612 is within the 3 ¢ range of its best-fit value.
The deviation is reasonable given that no fine-tuned couplings or large dimensionful

parameters were required to fit the observables.

Hierarchy My, My, My, sin2 615 sin?6y3 sin? 63 10}

NH OmeV 9meV 51meV 0.341 0.396  0.0214 —-0.1157
IH 49meV 50meV 0 meV 0.341 0.605  0.0216 0.1157

Table 3.9: Approximate best-fit values of the observables in the neutrino sector.

With the values derived from neutrino oscillations, we can also predict the amplitude
for Ov5 decay, which is proportional to the effective Majorana neutrino mass mgg [Eq.

(T.30)]
1 2 ¢\ _ | 4meV (NH)
mes = 3 (B + 4 A cos 2) = { 50 meV () (3.76)

By comparing with the current limits on °Ge and '36Xe, provided by GERDA and
KamLAND-Zen, respectively [cf. Egs. (L1.31) and (1.32)], we conclude that this
prediction is beyond the reach of the present and forthcoming Ov35 decay experiments.
Considering the proposals for ton-scale next-to-next generation Ov 35 experiments with
136X e [182] and "5Ge [183,/184] claiming sensitivities over T’ 10725 f 10?7 yr, corresponding
to mgg ~ 12 — 30 meV, our estimate for T’ 10 726 A may be probed at next-to-next generation
Ovp3f experiments.

75
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Quarks

The Yukawa Lagrangian in App. gives rise to the following quark mass matrices:

C F G
My=| F D H |, (3.77)
G H FE
with
F = 2(v2+21) mevg’) ; D = 472216“27)%) ;
G = 2 (713 + ’)/31) sz’vg) 5 c = 4’)/11/690117}55;) N (378)
H = 2(y23+732) Hm‘vg) ; E = 473359633112))) ;
for the up-type quarks, and
Mo = di vy’ 3.79
D 1ag (md7m87mb) L ) ( . )
with
Ve a1 ,,(1
mg = 2 (a1 11)%; + 281k vg)
_ 5 a2 1 b2
ms = kv’ + 20267%09) , .
V2 A( 2k vy + 20267 v0) (3.80)
my, = 3 (ozgfi“%g) +2B3K%vg)

V2A

for the down-type quarks.

In analogy to the lepton sector the dimensionless couplings «;, f;,7i;(¢,j = 1,2,3) are
roughly of the same order of magnitude, with the VEVs Ugl)(h = 1,2,3,4) and ve
residing at the EW scale v ~ 246 GeV. Then, the hierarchy among the quark masses
can again be explained by the different combinations of U(1); charges shown in Eq.

(C.25). For the down-type quarks this hierarchy is approximately described by
mg:ms:my =N A2, my ~ XNy, (3.81)

which can be reproduced using the values

1) v

a1261:6, a2:b2:4, a3263:2, U&{ NU@N%’ (3.82)

and ve = AA. Furthermore, setting

p1 = B3 = —Pa, (3.83)

we assume that the Yukawa couplings are approximately equal to reduce the number of
free parameters. The down-type quarks and charged lepton masses are then determined
by the four dimensionless parameters a1, a9, as, 1. We fit these parameters to
reproduce the masses of the down-type quarks and charged leptons at the My scale.
For the best-fit values

a1 =136, as=206, a3=377, B =0.18, (3.84)
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Observable Model  Measurement (£10)

mg [MeV] 2.91 2.9704
ms [MeV] 57.1 57.71158
mp [GeV] 2.73 2.8270:09
me [MeV] 0.487  0.487
m,, [MeV] 102.8  102.8
m, [GeV] 1.75 1.75

Table 3.10: Best-fit values of the down-type quark and charged lepton masses compared
with the measurements at the My scale. The experimental values were taken from
Ref. [155].

we obtain the results shown in Tab. which are in good agreement with the
measurements.

The rotation matrices Viy and Vp entering the CKM matrix Vogxym = VJVD can be
derived from

VUTMUMgVU = diag (mi,m%,m?) , VZT)MDM£VD = diag (mz,mQ,mlg) . (3.85)

S

We immediately conclude Vp = 13«3, since

s

MpM}, = diag (m3, m2,m}) , (3.86)

following from Eq. (3.79). Consequently, the CKM matrix is solely determined by the
up-type quark sector.

Instead of computing Vi7, which is analytically challenging, we exploit this special
property of the model to relate MUM(T] directly to the CKM matrix. This can be
accomplished by using

MUMJr = VCTKMdiag (mi, mg, mf) Vokm

Vial* ViiVis ViV (3.87)
~mi| ViVie Vil ViV |,
ViVia ViVis Vil

and by comparing this result with MUM[T] expressed in terms of the model parameters.

The details of this computation are shown in App. The results of the fit to the
Wolfenstein parametrization of the CKM matrix (Eq. [C.38)] are listed in Tab. and
are compared with the experimental values taken from Refs. [6,(155] at the Mz scale. All
observables are in excellent agreement with the measurements, except for m,, and m.,
which reproduce the corresponding experimental values only with order-of-magnitude
accuracy.

7
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Observable Model value  Experiment (£30)

m, [MeV] 5.4 1457032

me [MeV] 284 635 + 86

me [GeV] 1734 172.1 £ 0.6 £ 0.9
Via|  0.974 0.974257 300022
Vas|  0.225 0.22542+ 330801
V| 0.00348 0.00371%5:99027
Vol  0.225 0.225294:00690
V| 0973 0.973390 000514
Vil 0.0422 0.041807 909097
Via|  0.00872 0.0086819-90027
Vi 0.0415 0.04107*0-00%81
V| 0.999 0.9991275:90007

J 295x107°  (2.967920) x 1075
5 66° 68°

Table 3.11: Model values and the corresponding measurements of the up-type quark
masses and CKM parameters at the My scale. Experimental values taken from Refs.
[6,/185].

3.3 CONCLUSIONS

To shed light on the flavor puzzle, we have constructed two flavor models utilizing
discrete family symmetries and extended scalar sectors: a two-Higgs doublet extension
of the SM based on an S5 flavor symmetry and an extended SU(5) GUT model.

Overall, the models can fit the observed masses, CKM and PMNS mixing angles very
well. The S3 model has in total 17 effective free parameters, which are fitted to reproduce
the 18 observables in the quark and lepton sectors. One neutrino is predicted to be
massless in both NH and IH. Consequently, the effective Majorana neutrino mass,
relevant for Ov35 decay, is beyond the reach of next generation Ov53 decay experiments.
The additional scalars mediate FCNCs, but due to the specific shape of the Yukawa
couplings dictated by the flavor symmetry these processes occur only in the up-type
quark sector. Furthermore, the enlarged field content of the model is constrained by
both rare top decays and the h — ~~ rate, which deviate from the SM prediction.
Among the flavor-violating top decays, t — ch is a particularly promising channel for
NP searches as its branching ratio can reach 0(0.01%) in our model. With respect to
h — ~7, the dominant top quark and vector boson contributions allow for additional
constraints on the mixing angles a and § that are much stronger than the limits from
up-type quark FCNCs. In conclusion, the analysis of the scalar sector has revealed
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distinct features of the model that can be probed at future collider experiments and set
it apart from the various other flavor models.

To make the minimal SU(5) framework phenomenologically viable, a multitude of scalar
fields and additional symmetries were employed, which address also the issue of proton
decay. A special feature of the model is that the same representation that breaks the
SU(5) symmetry is also responsible for the fermion mass hierarchies.

The model uses only 14 effective parameters to fit 18 observables from the distinct
fermion sectors, and the solution is not fine-tuned. The lepton sector is particularly
elegant since the PMNS matrix is reproduced by varying only one parameter.
However, considering that one of the main incentives to study GUTs is to simplify the
SM gauge groups and fields, the model is highly intricate. Because of the large scalar
sector, a thorough analysis of the scalar phenomenology is impossible due to the many
free parameters in the potential.
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As pointed out in Sec. [[.2.3] any observation of CLFV is a smoking gun of NP that is
generally realized by virtue of new particles and symmetries. It is therefore imperative
not only to search for CLFV, but also to study models extensively for flavor-violating
predictions. Indeed, many flavor models resort to extended scalar sectors combined
with additional symmetries to explain the origin of flavor. It is reasonable to assume
that the same NP is responsible for the flavor violation reported in multiple observables
over the past years. The anomalies in Rg, R+, and h — p7 indicating either lepton
nonuniversality, flavor violation, or both, have received a lot of attention in particular,
see, e.g., Refs [92,186-191].

In this chapter we build explicit models aimed at explaining the observed anomalies from
a bottom-up approach and explore whether the measurements could have a common
origin.

The large amount of flavor violation reported by CMS in h — u7 calls for NP at the EW
scale, which is most easily realized by a multi-Higgs model. Such frameworks face tight
constraints from rare flavor decays that can be utilized to confine the Higgs parameter
space. A possible solution based on an S4-symmetric 3HDM is presented in Sec.

The deviations in the B meson sector, Ri and R, can both be explained with NP at
the TeV scale, suggesting that the anomalies have a common source. Viable candidates
studied by many authors include leptoquark mediators. In this chapter we show that the
same leptoquarks can also generate naturally-small neutrino masses through a AL = 2
coupling to the SM Higgs boson. Before delving into leptoquark frameworks combining
Ry, Ry and neutrino masses in Sec. we study in Sec. if the ratio R could
also be accommodated by 3HDMs. We conclude the analyses in Sec. [£.4]

4.1 FLAVOR-VIOLATING HIGGS DECAYS IN Sy

LFV Higgs decays have been advocated as a harbinger of flavor symmetries explaining
the large amount of lepton flavor mixing [192-195]. Indeed, substantial LF'V Higgs
couplings can arise naturally in such models as a consequence of the maximal atmospheric
@ — 7 mixing in the PMNS matrix. To manifest itself in the physical mass basis, a
misalignment of the Higgs doublets, typically utilized to yield a realistic symmetry
breaking pattern, is necessary. While the scalar sector in Refs. [192-195] decomposes
into an SM-like Higgs doublet and new exotic scalars experiencing LF'V decays, in the
following we present an S4 flavor model where these states mix, resulting in sizable
LFV decays of the SM-like Higgs boson. This is particularly interesting after the recent
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report by the CMS Collaboration of a 2.4 ¢ anomaly in the h — p7 channel with a best
fit of B(h — ut) =~ 0.84% [70].

The S4 symmetry, chosen as the basis of this model, naturally reproduces the TBM
mixing scheme [106-108|. This makes the group the ideal starting point for a realistic
description of leptons in particular. To evade bounds from the tightly constrained
radiative decays l, — lg7y, we consider the special case in which Sy is broken down to
a residual Z3 subgroup. In the literature this case has also been referred to as LFT,
e.g., in the context of the symmetry groups A4, T7, and A(27) [193]. The discrete Z3
symmetry is obtained when scalar doublets in the irreducible triplet representation 3’ of
Sy are aligned as (1,1,1) in the Sy space |[109]. To explain LFV Higgs decays by virtue
of scalar mixing, we consider perturbations caused by other Sy triplets that eventually
break the Z3 symmetry. These additional scalars arise if the framework is extended to
quarks and neutrinos.

The large LFV Yukawa couplings required to explain h — u7 are in tension with the
limits from rare lepton decays such as 7 — u7vy, 7 — eu, and also u — evy. To find a
possible solution, we search the Higgs parameter space for a window where |y,,-|? + [y,
is large enough to accommodate the h — pur CMS report and respects the radiative
decay bounds at the same time.

The section is structured as follows. We introduce the concept of LFT in Sec.
which is followed by an explicit model with realistic fermion masses and mixings in Sec.
[4.1:2] The breaking of LFT and its consequences for LFV Higgs decays with focus on
h — ut are analyzed in Sec.

Some technical details are relocated to the appendix, including the discussion of the
quark sector (App. |C.3.1)), the consequences of the breaking on the lepton mixing (App.
(C.3.2)), and the loop expressions to compute precision observables (App. (C.3.4).

4.1.1 Lepton Flavor Triality

The notion of LFT was first introduced in Ref. [122], inspired by the success of flavor
symmetries in reproducing the approximate TBM mixing in the lepton sector. Accom-
modating the data (before 613 # 0) was easiest accomplished by embedding the lepton
fields in the A4 tetrahedral symmetry such that A4 is broken down to Z3 in the charged
lepton sector, and to Zs in the neutrino sector [89,/90]. The residual Z3 symmetry can
be used to test the A4 flavor model through its specific predictions for charged lepton
decays.

A typical feature of the TBM flavor models is the unique structure of the charged lepton
mass matrix M;, revealing that the mass eigenstates are also distinct Z3 eigenstatesﬂ

1 1 1
My=v— |1 w | diag(ye, yu, yr) (4.1)
1

w w2

1
w2

V3

I This was substantiated further in Ref. [193] using the symmetry groups T7 and A(27).
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with w = e%7/3 = —% + z§ Moreover, also the scalars that break A4 and give masses
to the fermions are pure Z3 eigenstates, resulting in the Yukawa interactions

—Lypr = v { (mTzTTR + m,uzuuR + mefeeR> %o
(mTfuTR +myLepr + mefTeR) o3 (4.2)
(mTfeTR + mufTuR + mefueR) (252} + h.c.

The corresponding Z3 properties of each field are summarized in Tab. Only a few
selected lepton decay channels are actually allowed by the remnant Z3 symmetry

= utute, T sefetu™, (4.3)

excluding entirely the rare radiative decays [ — [’y. In triality models the scalar sector,
usually involving three Higgs doublets, separates into an SM-like Higgs boson h, and new
exotic scalars 11 o with exciting flavor-violating signatures. These unique predictions can
easily be tested, e.g., through the decay mode h — MQ)@g — (r7eT) (7~ ut), provided
that 2my, < my, [193].

Note that also permutations of the matrix yield a triality model with interchanged
Z3 quantum numbers, which may result in different collider signatures. An example
model is presented in the following section based on the Sy flavor symmetry.

Field e pu 7 uw ¢ t d s b ¢9 ¢1 ¢o

Zs 1 w? w 1 w? w 1 w? w 1 w w?

Table 4.1: Example of Z3 quantum numbers in triality models after the breaking of the
global flavor symmetry.

Flavor triality can also extend to quarks in a scenario where both up- and down-type
quarks are Z3 invariant. In this case the CKM mixing is trivial, which is a good
first order approximation of the small quark mixing angles. Quark flavor triality has
interesting implications for rare meson decays, favoring the flavor-violating modes

B — rFe, putr, etu, DY — 717et, epuT, (4.4)
BY — ttu, pte, etr, K — pute . '
Extensive searches for K and B meson decays tightly constrain triality models by placing
lower bounds on the masses of the new mediators. The measurement of K9 — pre® in
particular leads to [122]

~MelWe 510 GeV . (4.5)

2 2
Y My + My

Assuming LFT alone, the exotic scalars can be even lighter than the SM Higgs boson
because the leptonic bounds are comparatively weak.
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4.1.2 The Model

In the following the charged lepton sector is used as a starting point to introduce the
relevant scalar content. Some of the additional scalars needed to accommodate quarks
and neutrinos affect the lepton phenomenology, which we can exploit to explain the
excess in h — ut reported by CMS, as will be discussed in Sec. [£.1.3]

Charged Leptons

The necessary ingredients to build a triality model in Sy are three scalar SU(2) doublets
¢; in the triplet representation 3’ of Sy. Together with the charged leptons, these scalars
are the foundation of the model and jointly give masses to the fermions by acquiring
VEVs at the EW scale. Furthermore, two EW scalar singlets, 71 and 7y are introduced
to describe the charged lepton mass hierarchy through a Z;2 FN symmetry. These fields
acquire the VEVs vy, , = AA, where A =~ 0.22 and A > Agw is a high scale defining
the breakdown of the effective theory. The particle content and charge assignments of
this minimal model are summarized in Tab. {.2]

Field SU(2)r Si Zi2

L=(LeLnL;) 2 3 0
TR 1 1 3

lg = (er, pR) 1 2 5

¢ = (¢1, b2, ¢3) 2 3 0
it 1 1 —1

w1 1 -1

Table 4.2: Minimal field content for a realistic charged lepton model with lepton flavor
triality in Sy.

The assignments lead to the following charged lepton Yukawa terms

Y1
—ﬁlyuk ) A3 [Lo], Tr(n} + eomn3)
Y2
t (Lo, Lr(nf + e1ning + eamns) (4.6)

Y3
T A [Lo]y Lr(n3 + eansni + eanani) + hec.

Like in the models presented in Chapter [3 the mass hierarchies are ensured by suitable
Z19 charges for the charged leptons. In this case, the tau and muon masses arise
from seven- and nine-dimensional Yukawa terms, respectively. The smallness of the
electron mass on the other hand is explained by the destructive interference of two
nine-dimensional operators.
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Assuming that the SU(2) singlets 7; are heavy, their mixing with the EW doublets ¢;
is minimized. For simplicity the scalar potential can be reduced to its low-energy part

3 3 2
V(6) == 12 66+ a (z gbg@)
=1 =1

3
+ > [Blalen(sley) + el +6(0]s;)?]
i,j=1,i%]
which coincides with the general CP-conserving Sy-invariant 3HDM potential. Expand-
ing the fields as

(4.7)

o
¢j:< 1 Jo ;10 >’ (4.8)
7[5 + S+ 03]
the scalar content includes three CP-even neutral scalars ¢§-)R (j = 1,2,3), three CP-odd
neutral scalars (;5? 1, as well as three complex charged scalars ((;S;“), of which three degrees

of freedom are absorbed by the W+ and Z gauge boson masses. The corresponding
physical mass spectrum reads

m2, = —%Iﬁ}, m2, = %(304—1—2/4;) , m2, = 0,
Yab)r dcr Oer (4.9)
mio = —v%, m?. = —v}(k-p), m2, = 0,
(a,b)1 b bz

with Kk = 84+~ + 9.
The mass eigenstates ¢4 are given by the following linear combinations of the Sy
basis scalars ¢1 2 3:

Pa %@53 — ¢2),
o = J5(201—¢2—¢3), (4.10)
¢ = %(% + ¢2 + ¢3).
These equations hold for the charged, CP-even and CP-odd components of ¢ implying
that
($a) = (¢p) =0 and (¢c) =v. (4.11)

The fact that ¢, is the only mass eigenstate of the Sy triplet acquiring a VEV is essential
for LFT. It suggests that gb(C)R can be identified as the SM Higgs particle found at the
LHC with a mass of approximately 125 GeV.

Consequently, ¢. is also the only scalar giving masses to the SM gauge bosons, i.e.,
decaying via gb(c)R — WHW™ and qﬁgR — ZZ. This can be confirmed from the kinetic
terms of the Lagrangian and the resulting three-point interactions. As a result, the
masses of the exotic scalars (e.g., ¢(()a7b) R) are not constrained by the usual Higgs searches
in the gauge boson channels performed in the LEP and LHC experiments [196,197].

The charged lepton mass matrix follows from Eq. (4.7))

o1 (2 —u3) A v (G2 +P3) N v A

M, = 7 vow? (o — U3) N> vow (To + U3) A5 wagi A3
v3w (Y2 — U3) A’ vsw? (Y2 +3) N> vt A? (4.12)
1 1 1 ‘

1 | diag((J2 — 73) A°, (%2 + ¥3) A°, i A?)
2
1
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2im/3

with vy :vgzvgz%,w:e and y1, U2, Y3 given by

= (1+¢)u1, o= (1+er1+e2)y2, U3 = (1+e3+e4)ys, (4.13)

where the dimensionless couplings y1, y2, y3, €0, €1, €2, €3 and &4 are O(1) parameters.
Consequently, the charged lepton masses are

v

~ -~ v - - v .
me = (y2—y3)/\5ﬁ, my, = (y2+y3)/\5ﬁ, mT:yl)\?’ﬂ, (4.14)

which explain the observed mass hierarchy through their suppression by powers of A.
Eq. shows a characteristic feature of LF'T that the mass basis of the charged
leptons coincides with the Z3 basis; i.e., the charged lepton fields can be identified as
the Z3 eigenstates e ~ 1, ~ w?,7 ~ w.

In the mass eigenstate basis the Yukawa matrices read

; 0 muw2 —m,w
Yo=——%| —mew 0 myw? |, (4.15)
V2 Mew? —myw 0
1 0 meQ m.rw2
Y, = MeWw 0 MW , (4.16)
V2 Mew? myw 0
1 me O 0
Y. = > 0 m, O . (4.17)
0 0 m,

Since ¢, couples only diagonally to the charged leptons it should be uncharged under
Zs3, preserving the group after EW symmetry breaking. This can be understood by
expressing the fields ¢, 5. in terms of the Z3 eigenstates ¢y, . ~ (1,w,w?)

b\ (11 1)\ [e
10) =—|1 u? w oo |, (4.18)
¢Z V3 1w w? ¢3
and consequently realizing that
1 1
¢c = ¢$7 be = ﬁ(‘by + ¢Z)7 (ba - ﬁ(‘by - (bz) (4.19)

In conclusion, Z3 remains unbroken at this point since only ¢, in the trivial Z3 eigenstate,
acquires a VEV. Note that the remnant Z3 symmetry prevents mixing of ¢, with the
other scalars. Therefore, as it stands, the model is robust against FCNC constraints
but cannot account for the h — 7 anomaly since the SM-like Higgs boson couples only
diagonally to leptons. In the following we extend the framework to the other fermion
sectors, eventually breaking LFT.

Neutrinos

To generate the neutrino masses via a type I seesaw mechanism, we add two heavy
Majorana neutrinos N1g and Nog to the SM particle content as well as four Sy triplets
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scalar fields y, &, o and ¢, which are singlets under SU(2). Because of the simplicity
of the charged lepton sector, an intricate pattern of specifically aligned scalar fields
is necessary to break the Sy symmetry in the desired direction and at the same time
obtain two massive neutrinos. Additionally, we employ two Zs symmetries to enforce a
specific mass pattern and decouple the scalars from interactions with the other fermion
sectors. The corresponding Sy ® Zy ® Z ® Z15 assignments are shown in Tab.

Field SU(Q)L 54 22 Zé Zlg

Nigr 1 1 1 0 0

Np 1 1 1 1 0
% 1 3 1 0 0
¢ 1 3 1 0 0
o 1 3 1 1 0
¢ 1 3 1 1 0

Table 4.3: The additional field content and symmetries required to implement neutrinos.

Therefore the relevant Sy ® Zy ® Z) ® Z15 -invariant neutrino Yukawa terms read

v v X v 5 v g
—L > 8 [Loly Nig N + 95" [Lely Nin X + 95" [Loly Nar X
(v) ¢ w u”
+uyy ' [Lo|s Nog At TL [6x]y Nir + TL [¢€]5 Nir (4.20)
y(V) y(V) o o
+ %L [¢0]s Nag + 8TL [¢¢]y Nog + MiN1gN{g + MaNogNSp .
With the VEV patterns of the scalar fields x, &, o and ¢
- 17 70 ) - ) Y )
<0> = Vo (Oa 2, 0) ) <C> = UC 71a )
and assuming that
the full 5 x 5 neutrino mass matrix is
MY Doz - M) (4.23)
= T , .
o\ () M
where
0 ae”
My O
MP=|b o |X., Mp= : 4.24
’ 0 ae™ ™" V3 * ( 0 M ) 424
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with

(4.25)

(v) (v)
7 = arctan (—W) .
Yi T Ys

Since (Mg);; > v, the light neutrino mass matrix arises from a type I seesaw mechanism
and is given by

AeZT () A
= 0 B o | (4.26)
A 0 Ae 27
with
A—2 Bt 4.97
~ 30 BEYV R (4.27)

Hence, the neutrino mass matrix depends only on the three effective parameters A,
B, and 7. The lepton phenomenology at this point coincides with the SU(5) flavor
model discussed in Sec. the technical details of which can be found in Sec. [3.2.2]
In conclusion, the model can accommodate the lepton observables well, predicting one
massless neutrino as well as a small CP-violating phase 6(%13.

Quarks

To obtain realistic quark masses and mixings, the scalar sector has be extended even
further. The new fields include two Sy triplets, p, and ¢, and three Sy singlets (31, Qo
and 3 aligned as

<p> =Y (i,0,0), <90> = Vyp (17070) >

i (4.28)
() =va,, () =va,e, (Q3) =wq,

in the Sy space. Again we use a Z) symmetry to decouple these scalars from the
other fermion sectors, whereas a Zg symmetry accounts for the top and bottom mass
hierarchy. The Sy ® ZJ ® Zg ® Z12 assignments are given in Tab. . Note that
previously introduced symmetries are omitted here if they do not affect the quark sector.
A complete list of the entire field content and all the flavor symmetries can be found in
Tab. [CI]in App. [C-3

Applying the S4 multiplication rules listed in App. [B:I] to the Yukawa interactions
(C.44) and (C.45)), it follows that the quark mass matrices are given by

C,ei%1a 0 0
M, =| Dye " FE % Fe-%a | ¢=U,D. (4.29)
ququ quw&l quie‘*q

The matrix J, = Mqu can be rewritten as

Xq Yq Y;I
Jo=| Y, U Vv, |, (4.30)
Yq V;I Uq
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Field SU(Q)L 34 Zé/ Z6 Zlg

Q= (Q1,Q2,Q3) 2 3 1 0 0
UR 1 1 0 0 6
CR 1 1 0 0 0
th 1 1 0 0 0
dw 1 1 0 3 6
sg 1 1 0 3 0
by 1 1 0 3 0

p 1 3 1 0 0
e 1 3 1 0 0
(OF] 1 1 0 0 3
(OF) 1 1 1 0 2
Q; 1 1 0 1 0

Table 4.4: The quark fields and the scalars required to implement them.

which is a modification of the Fukuyama-Nishiura texture proposed in Ref. [154]. Since
this pattern appeared previously in the S3 flavor model in Chapter the reader is
referred to App. for a detailed discussion of the quark mixings and the Yukawa
interactions.

4.1.3 Zs Breaking

Scalar Sector

The S; symmetry of the model is broken down to a residual Z3 symmetry once the Sy
triplet ¢ acquires VEVs in the direction v(1,1,1). However, perturbations can arise
without a mechanism to protect the necessary VEV alignments; e.g., due to a scalar
triplet x acquiring a VEV in the v, (1,0,0) direction to generate neutrino masses and
mixings [cf. Eq. ] These perturbations are caused by quartic interactions of the
form (¢7¢)(xTx) that always appear in the scalar potential since the combinations ¢f¢
and yy cannot be forbidden by a flavor symmetry.

Several scalars responsible for the mixings in the quark and neutrino sectors cause
deviations from the v(1,1,1) alignment through quartic interactions with ¢. If we
assume a VEV hierarchy among those scalars to simplify the discussion, i.e., v,,v, >
Uy, Vg, Vg, V¢, the perturbations coming from scalars involved in neutrino interactions
can be neglected. The remaining fields

p (3/71>7 2B (371)7

. (4.31)
<p> =Y (17070) ) <90> = Vyp (17070) )
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lead to the cross couplings in the scalar potential

Vi D 0 (610)i [ (070)i + A (010)i] (432)
1=1,2,3,3’

where i = 1,2,3,3" denotes the corresponding S, projection. Eventually only the

2-contractions, e.g.,
3

Yo 2005P1esl” — 1P lexl?,
J,k=1,j#k
result in perturbations of the VEV alignment v(1,1,1). The other contractions are
invariant under the Z3-conserving generator after the scalars p and ¢ acquire their
VEVs. Therefore, it suffices to consider only the following terms in the scalar potential
to analyze the breaking of Z3:

Vi O (6702 [Mo(p1p)2 + Aoz
’ 2 2 2 2 2 (4.33)
= 3 16 [ @IniP = lokl?) + 202l — lenl?)] -
Jk=1,j#k

Assuming for simplicity that the coupling constants are the same order of magnitude,
ie., A\p = Ay, = As/2, the VEV alignment of the triplet ¢ is approximately shifted by a
perturbation € in the following way

(¢) =v(14+2¢,1—¢,1—¢), (4.34)

where the contributions from p and ¢ are summarized in the parameter €. Doing so, we
adopt a similar approach as the authors of Ref. [91], who recently analyzed a triality
model based on an Ay flavor symmetry.

As a consequence, one of the physical Higgs doublets which was inert before the breaking
of Z3, (¢p) = 0, now acquires a small VEV depending on the size of the perturbation
parameter €

e\ (0 h )\ [(H0R) (o
<¢b> — % _% _% %(1 — e) = \/56 . (435)
(¢c) e I L(1—¢) 1
V3 V3 V3B V3
Following Ref. [91] we use the parametrization
((Gas @, 0c)") = v(0,sin, cos ), (4.36)

where 6 is given by a combination of parameters from the scalar potential to account
for the deviation from LFT.

The breaking of Z3 induces new mixing of the doublets ¢, and ¢., which were mass
eigenstates prior to the breaking. The CP-odd neutral scalars ¢(()b7c)7 ; and the charged

H* co  Sg qbic

¥t —59 g oz )’
n; co  So Dp 1
™ 9 —Sp Cp (c), I ’

scalars ¢, . mix via
b

(4.37)
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where 7% and Tr? are the massless Goldstone bosons, sinf = sy and cosf = ¢y. In
the case of the CP-even neutral scalars the situation is more complicated and the
mixing results in a mass splitting of the initially degenerate scalars. The complete mass
spectrum reads

1

migl = m?ﬁ = %7, m227R = 61)2(—2 +2v/2¢cs9 + 53k,
1

m2. =mis = —v3(k— ), mi = 5(02a—m20R)—A, (4.38)
1

m?_‘_i:m?_r?: s m%,{:i( QQ_m?ZJOR)+A’

with
R 2 22 O(s 4
=5 9(a+ k)% + 3ksp { co(a+ k) — 3sp(ba + 3/4;)} +0O(s) . (4.39)

Note that only the masses of the CP-even scalars depend on the perturbation parameter
0. Hence Z3 breaking in this direction does not affect the phenomenology of the CP-odd
and charged scalars in our triality model. In the triality limit & — 0 the mixing vanishes
and the original mass spectrum is recovered

ma o0, mio e m =0, migR = mio . (4.40)
Therefore, the scalar h should play the role of the SM-like Higgs with m ~ 125 GeV,
whereas H will be a new heavy Higgs as in regular 2HDMs. The mixing angle 1 between
the CP-even neutral scalars is defined by

0
(0)=(2 ) ()
of (4.41)
4s9[v/2ks9 — 2c9(3a + k)]
6(—1+42s2)a+ (—6 — 2v/2cpsp + 1152k
with 9 — 0 for § — 0 in the unbroken triality limit.
For the analysis the angle 1} is more conveniently expressed in terms of the masses my,

and Mo = Ma. The full expression can be found in Eq. 1} of App. C.3.2} Since

my, is fixed, the mixing angle 9 depends only on the two parameters m, and 6. Through

the relation m?2 = v2a — (m} + m3%) one can alternatively display the results in terms

of mpr.

tan 29 = —

In the following we identify the new charged lepton mass eigenstates after Zs breaking
to extract the relevant LFV Yukawa couplings for the h — u7 analysis.

Consequences for Leptons

As a result of the perturbed alignment v(0, sg, cg) the mass matrix of the charged leptons
takes the form
v V292 —73) N> sp(G2 + §3)A° SeY1A
M, = §Uw so(U2 = U3)N°  V2c0(Ja +3) N spnA° :
s0(J2 — U3)A° so(Ja +U3)A°  V2con N3
1 1 1
1

73 CL)Z w

w 2

(4.42)

with U, = 1
w 1
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Hence with off-diagonal elements that vanish in the limit 8 — 0 it is no longer diagonal
in the Z3 basis of the charged leptons. The perturbed charged lepton mass matrix can
be diagonalized to a good approximation by

VLTMIVR = diag(me, my, m;) (4.43)
with o
1 _ V2sg(y2—ys) _ V2se(y: y2 y3)\
Vsl (y2+tys) s
~ M 2s9 y2+y3
VR o
f39(y2 y3)A2 V29 (ya+ys) A2
Y1 y1 (4.44)
-1 1 9
- V2 V2
Vi ~ UyRO23(8) R O12(ar), R = % % 01,
0 0 1
where O;; are rotation matrices in the ij-plane and
Sp (4\/5039 +12v/2cy — Ts3g — 389)
tan 2ay, = (4.45)

10c¢39 4 6¢9 + 8\/5893
Using the rotation matrices V, and Vi we find the charged lepton Yukawa couplings
y (1,1 = e, u, 7) that eventually lead to flavor violation in the lepton sector. With
(L1, L5, Ls) = (L Ly, L)V,
(617 €2, 63)T = Vgr- (67 122 T)T ) (446)
(¢17¢27¢3)T = US( a7H7h)T7

where
2 1
O1 ? ? 1 0 0
US = —ﬁ —% % 0 Cy —Sy ) (447)
1 -1 1 0 sy ¢y
V2 V6 V3

we can identify the coefficients of hiplj as the Yukawa couplings y;. In leading order,

ie., m¢ < my < m;, the dominant flavor-violating couplings are

m;
Yer = _T(CaL - SaL)5ﬁ+97
m;
Yur = _T(CaL + SaL)sﬂ-i-Ga
~ M _ 94,2 _1) — 94,2
Yep 1o {2019 {caL (09 254 1) Say, (ce 259 +1)} (4.48)

— 89 (CaL {09 (489 + \f2> — 259+ \/ﬂ
+ Sqap [—09 (439 + \/Q) + 259 + \@D} .

The remaining off-diagonal couplings are negligibly small and therefore irrelevant for
the discussion since

Yre K Yer » Ype K Yep Yru < Yur » (449)
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which means that y,,, dominates the h — u7 decay channel in our model.

The perturbation of the PMNS matrix due to the Z3 breaking is negligible for sufficiently
small values of 6. Explicitly, rotating by ¢ modifies the charged lepton contribution to
the PMNS mixing matrix approximately as follows

1 6 30> 6
2 2 4 V2
Vp = U,Wr with W ~ —% + 3 1 % (4.50)
o) 0
B, -5 !

As will be pointed out in Sec. the values required to explain the h — ur
measurement are in the region |0| < 0.10 @ 95% C.L. The limiting factor is the mixing
angle 615, which quickly exceeds the experimental 3 o bounds for positive values of the
breaking parameter, resulting in # < 0.02. On the other hand, for negative 6 values the
fit to 612 actually improves compared to the unbroken model. By varying ¢ for 8 = 0.02
and = —0.08 we obtain the best-fit results shown in Tab. The full PMNS matrix

and the deviations of the mixing angles caused by the perturbation 6 are given in Egs.

[C55). and ([C50) - ([C57) of App.

The breaking of Z3 also affects the Jarlskog invariant as follows

cos(2¢))

J =~
6v3

1
+—0 (V65sin(2¢) cos(¢) — V2sin(2¢) sin(¢
0 (V6sin(2¢) cos(9) (20 sin(¢)) .

+%92 (_3\/§cos(21/)) — sin(2¢) sin(¢) + \/§) ;

and therefore induces CP violation in neutrino oscillations. Since the obtained Jarlskog
invariant can be of the order 1072 (compare Tab. 4.5)), the Z3 symmetry breaking can
generate a sizable CP phase of about 6ép ~ 0.3 in the case of negative 8 values.

0 Hierarchy sin?6;o sin?fy3 sin® 63 J 10}
NH 0.388  0.0214 47x1073  —0.2197
0.02 0.349
H 0.599  0.0216 3.0x 1073 0.5517
NH 0.447  0.0217 —-1.8x10"2 —0.234rx
—0.08 0.302
H 0.615 0.0216 —1.2x1072 0.5707

Table 4.5: Approximate values of the PMNS mixing angles and the Jarlskog invariant J
after Zs breaking for the benchmark points § = 0.02 and # = —0.08. The best fit was
obtained by varying ¢.

Flavor-Violating Higgs decays

The CMS measurement of h — 7 is equivalent to a bound on the off-diagonal Yukawa
couplings [198]

0.0019(0.0008) < \/|yur|? + |yru? < 0.0032(0.0036) @ 68%(95%) C.L.,  (4.52)
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assuming for simplicity that A — p7 is the only additional contribution to the SM
Higgs decay width. The result in Eq. is compatible with the current bounds
B(t — py) < 4.4x1078 @ 90% C.L. and B(T — ey) < 3.3 x 1078 @ 90% [6]. However,
while small compared to Y., Ye,, is tightly constrained by B(u — ey) < 5.7 x 10713 [199],
which consequently restricts the allowed values of § and m, (or mg). The corresponding
diagrams mediating these processes in our model are shown in Fig. [{.I] Analytically,
the branching ratio of [ — I’y is given by [51]
_ mapum)

B(l— 1) = = (el + leal?) (4.53)

where cf, and cg are the Wilson coefficients denoting left-handed and right-handed scalar
currents, respectively. To calculate ¢, and cg, one-loop (see Fig. and two-loop
contributions are taken into account, since the latter can dominate the branching ratio
in certain regions of the parameter space. The full set of equations is shown in Eqgs.

(C.60)-(C.63) of App. and was taken from Refs. [51}200].

Figure 4.1: Leading order diagrams for | — [’y with flavor-violating Higgs boson
couplings, where s = h, H,a,n and I,I' = e, u, 7.

Using Egs. (C.54), (4.45), and (4.48]) we determine numerically the allowed values of 6

and my that can explain the 2.4 ¢ anomaly in h — p7 and at the same time respect the
bound on B(u — e7y). Scanning the parameter space for negative and positive values
of 6, we find that a window opens up for rather light masses of the extra scalars H
and 7 in the vicinity of the SM Higgs boson mass, where the regions complying with
either B(u — evy) or B(h — ut) overlap, as shown in Figs. In these regions the
contributions of the Higgs h to B(u — ev) are partly canceled by the contributions of
the neutral scalars H and 7, allowing for larger flavor-violating Yukawa couplings. The
viable parameter space at 68% C.L.(95% C.L.) and m, = 200 GeV

6 € [0.002 (0.001),0.090 (0.104)] N my € [126 (126),204 (214)] GeV,

—6 € [0.001 (0.004),0.082 (0.082)] N mg € [127(126),190 (190)] GeV, (4.54)

is practically symmetric around 6 = 0, while the analysis of the lepton mixing showed a
slight preference for negative 6, as pointed out in the previous subsection.

Like in Sec. the T and S parameters measuring the oblique corrections to the SM
can be used to confine the scalar mass spectrum. By requiring that AT and AS lie inside
the experimentally determined ellipsis, as seen in Fig. [£.3] we can derive the allowed
masses of the charged scalars my+ for the given range of 126 GeV < mpy < 200GeV
and m, = 200 GeV. The parabolic shape denotes the values of AT and AS, which stay
inside the ellipsis for 116 GeV < mpg+ < 240 GeV. The loop expressions used for the
computation (replacing the scalar couplings) can be found in App. |C.1.3
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Figure 4.2: Parameter values leading to |y,r| required by CMS data on h — u7 in
brown (68% C.L.) and yellow (95% C.L.) for positive and negative 6, respectively. The
parameter regions shaded in blue are allowed by B(u — ey) < 5.7 x 10713, The solid
(dashed) lines mark the 1o (20) intervals of |y,,| where the excess in h — pu7 and
B(u — ey) can be accommodated simultaneously.
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-0.2 -0.1 0.0 0.1 0.2 0.3
AS

Figure 4.3: The AS-AT plane, where the ellipsis denotes the experimentally allowed
region at 95% C.L. . The origin AS = AT = 0 corresponds to the SM value, with
my, = 125.5 GeV and m; = 176 GeV. The shape inside the ellipsis denotes the values
of AT and AS as the scalar mass is varied in the range 126 GeV < mpy < 200 GeV.
Requiring that AT and AS stay inside the experimental limits yields the allowed mass
range 116 GeV < mpy+ < 240 GeV.

Using the determined 1o parameter ranges [Eq. ], we can make predictions for
other rare decays, including the decays [ — I’y and [ — 3I’. The flavor-violating modes
B(r — 3p) < 2.1x 1078, B(r — 3e) < 2.7 x 1078, and B(p — 3e) < 1.0 x 10712 [6] are
approximately given by

2 5 12
TI O m
B(l — 3l') = —% 121og m—% +29 + 610g41 (ycL|2 + |cR|2> , (4.55)

assuming that loop diagrams in the spirit of Fig. (v decays into {7]7) dominate
over the tree-level exchange of a neutral scalar field .

Our predictions for 0.01 < 6 < 0.09, 126 GeV S mpy S 204 GeV (m,, = 200 GeV),

B(r —wy) € (0.3—1.3)x1078, B(r —ey) € (03-13)x1078%,
B(r —3u) € (1.9-8.1)x10710, B(r —3¢) € (0.9—4.1)x107Y,
B(h—er) € (04-1.2)x1072, B(h—eu) € (1.5—4.2)x107°,
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and for —0.08 < 6 < —0.01, 127 GeV < my < 190 GeV,

B(t—py) € (03-1.2)x1078%, B(t —ey) € (03-1.2)x1078,
B(r —3u) € (20-17.6)x10710, B(r —3e) € (1.1-4.1)x107Y,
B(h—er) € (0.5—1.4)x1072, B(h—eu) € (1.5—4.1)x107°,

are throughout below the current bounds, but not too small to be out of reach for future
experiments. A measurement of the h — et channel using the newest LHC data should
be the fastest way to rule out this model in the near future, as our prediction for this
channel is unambiguously connected to h — p7 and expected to be the same order of
magnitude. This is shown by the ratio

B(h — :uT) ~ |y;m'|2 ~ (CaL + SaL)2
B(h — 67—) ’yeTP (COéL - SOéL)2

, (4.56)

which is approximately 1 for small values of 6. Using Eqgs. (3.75) and (4.51]), we also
predict a nonvanishing leptonic CP phase 5ép ~ 0.3 at 6 = —0.08, the maximal value
still in agreement with the lepton mixing angles. MINOS and NOvA are planning to

measure 5(%13 in the near future. The latest results from T2K, however, point towards
nearly maximal CP violation in the lepton sector with 561) = [-3.13,-0.39] (NH),
[—2.09, —0.74] (IH) at 90% C.L. [202].

While the neutral scalars H and n may be well hidden thanks to their tiny Yukawa
couplings, it becomes increasingly unlikely that light scalar states remain undetected in
the accumulating LHC Run 2 data. Together with the updated measurements of h — ur,
the rather fine-tuned parameter space indicates that the initial CMS report may indeed
just be a statistical fluctuation. The T" and S parameters also point to light charged
scalars, while the study of h — v in App. could not provide complementary
limits on the Higgs parameter space. Furthermore, although not excluded yet, our
distinct prediction B(h — eT) ~ B(h — u7) is already in tension with first searches for
LFV in the h — et channel |73|. To conclude, a multi-Higgs model would be the most
logical solution to explain the large flavor violation reported in h — pu7. However, while
it is possible to find a viable region in parameter space, the corresponding predictions
should manifest themselves at the LHC right now.

4.2 CHARGED SCALARS, DISCRETE SYMMETRIES, AND R,

Among the many unresolved anomalies, the deviation in R is particularly intriguing
since it has a high statistical significance of more than 4 o after combining all existent
measurements. It is intuitive to explain this charged current anomaly that seems to
prefer 7 over e and p final states with charged Higgses, whose couplings typically scale
with the fermion masses (see Fig. [1.12]).

The widely studied 2HDM type II, however, cannot fulfill the requirements imposed
by experimental data, calling for more elaborate extensions [41]. A possibility is to
consider a more general flavor structure realized by the 2HDM type III [203] or a third
Higgs doublet. In this section we study whether 3HDMs with flavor symmetries can
shed light on the excess in B — D™ 77 decays.

After reviewing the challenges in 2HDMs in Sec. we extend the framework in
Sec. [£:2.2] to 3HDMs focusing on the charged scalar interactions to make predictions for
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Rpy.). We further discuss how the most popular discrete flavor symmetries with triplet
representations affect these predictions and apply the framework to the S4 flavor model
presented in Sec. [A1]

4.2.1 2HDM type II and 111

The challenges of building a model to explain R go way beyond modifying the
B — D™ 717 channel. In fact, the NP model should not only accommodate Rp, Rp+
and B — 77 at the same time, but also the Bg q— ng oscillations and the radiative
decays b — qv, ¢ = s,d. Multi-Higgs extensions typically affect all of these observables
simultaneously without an additional mechanism to forbid specific couplings. In that
respect discrete flavor symmetries are particularly useful. The task becomes even more
challenging when taking into account the shape of the measured ¢? distribution provided
by BaBar [41].

One of the most studied extensions of the SM, the 2HDM type II requires particularly

large values of ta‘;ﬁ to accommodate the excess in R [41]. Such large tan 8 values
my g D

modify the ¢2 spectra of B — D)% in an undesired fashion and thereby disfavor the
2HDM type II. Moreover, the model provides only one scalar operator which cannot fit
the three observables Rp, Rp+ and B (Ei — 77) at the same time.

To accommodate the channels simultaneously, a more general flavor structure with both
Higgses coupling to all quarks is necessaryﬂ The relevant effective Hamiltonian is

Hest = CsmOsm + CrOsr + COs1, (4.57)
with
Osm = [éfyuPLb] [?'Y;LPLVT] ;
Ogpr = [@PRb] [?PLI/T] s (4.58)
Ogp, = [5PLb] [?PLZ/T] R

in the limit of massless neutrinos. While the 2HDM type II provides only Cg in addition
to Csy, the type III also allows for a nonzero Cp,, which can be used to explain the
data. In type III the ratios are modified in the following way [203]:

)

where R%\({) is the SM value of the respective observable. The Wilson coefficients in
H*E

Rp = R (1 +1.5Re [CRJFCL} +1.0 ’CR‘LCL

SM Csm
Cr—C$

SM

(4.59)
Cr—Cp

Csm

Rp- = R (1 4 0.12Re [ 1 - 0.05’

turn are determined by the charged scalar Yukawa couplings rL(®)

L LBt o+ AGF
Crr) = _M?_]:l: Lo = Csm = W

which can be extracted from the respective Yukawa Lagrangian.

chb ) (460)

2Anomalously enhanced charged Higgs couplings in the flipped 2HDM are another possibility [204].
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Figure 4.4: Constraints on Cg - Cf, from Rp (blue) and Rp+ (red) narrow the parameter
space down to tiny viable regions. The gray dot marks the SM value.

Depicting the constraints from Rp and Rp- in the Cr - Cf, plane (see Fig. , we
find that explaining both ratios simultaneously may require fine-tuning even in 2HDMs
with flavor violation. A full flavor analysis based on the 2HDM type III has been done
in Ref. [203].

4.2.2  3HDMs with Flavor Symmetries

The additional charged scalars and mixing angles of the 3HDM result in a more
complicated charged scalar Lagrangian. Specific assumptions about the flavor structure
simplify the couplings at the expense of less freedom to fit the observables. Alternatively,
discrete flavor symmetries can be exploited to obtain relations among the scalar mixing
angles by simplifying the 3HDM scalar potential.

The charged scalar interactions are easiest described in the Higgs basis, where

(o) =v, (#20) =0, and (95) =0 (4.61)
with v? = vd; = v} + v3 4+ v} and the Higgs basis doublets take the form
Gt HT
h h 2,3
= y == T . 462
o ( %(U+H1+Go) > 923 < %(H2,3+2A2,3) > (4.62)

In this notation the Goldstone bosons G and G that are absorbed by the gauge bosons
are located in the doublet ¢f. As shown in Sec. the charged Higgs couplings are
then described by nondiagonal matrices 7 and £ that vanish in the SM limit. The Higgs
basis rotation depends only on the VEV alignment preferred by the 3HDM potential

and is given by Eq. (2.37).
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The charged scalar Lagrangian for the quarks is then written as

—Loyy =i (Vig® 77k]PR ;i *Vk(jJKMPL)d Hy

(4.63)
+1; (Vi "MEL P — & ViG M PL) d HY + hec.

where

T T
VLu ,d u, dvﬁ ,d _ ﬁiuj,d ’ V;,dg%,dvﬁ,d _ ZLj,d ) (464)

The matrices V' ’g entering 77*¢ and ¢“? transform the fermions into their mass bases
and can be derived from

1
VLUd Zdvﬁ ol ;m wdand  Vogm = VL“VLd’T, (4.65)

where y;‘j’d are the couplings of the doublet ¢?. In the same fashion the charged lepton
couplings read (VFMNS = 1)

—LfF = i, |URi HY + URELH | Lim + b, (4.66)

Keeping in mind that the H;fg fields still have to be transformed into the mass basis

Hgi _ cosp sinp Hlf (4.67)
Hf —sinp cosp HE |’ '

we can derive the couplings TLRHET g6 quarks from Eq. 1|

LH*
T, = VSN (i, cos p— Efysin p)

LH
r = V"M (i, sin p + &, cos p) (4.68)
N .
rf;Hb = (i cos p— & sin p) VFM,
RIS — (5 sin p + €4 cos p) VKM

where we implicitly use the Einstein notation for repeated indices. In the charged lepton
sector we have (after summing over the neutrino states)

3
LHF » )
P = S U, [ cosp &, sing)]
=1
! 3 (4.69)
+ ~ .
roie =3 "Uf, {n,lw sin p + € cos p] :
f=1
Finally, in the Higgs mass basis the relevant Wilson coefficients are
1 L(R)HF LHi* 1 L(R)HF 4ok
Criy=— =3 To " Tur® +——TRPITLH (4.70)
M M

which we can combine with Egs. (4.68) and (4.69) to estimate the impact on R .. To

make more specific predictions we study in the following how discrete symmetries affect
the charged Higgs interactions in the SHDM.
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Discrete Symmetries

For this analysis we assume that the three scalar doublets are unified into a triplet
representation of a flavor symmetry. The scalar interactions can then be studied for the
VEV alignments that minimize the scalar potential. These were derived systematically for

the A4-, Sy- and A(27)-symmetric 3HDM potentials using geometric minimization [120].

Their global minima are
v(1,0,0), v(1,1,1), (4.71)

plus two complex VEV alignments for each of the groups. Discussing the additional

source of CP violation entailed by these complex VEVs is beyond the scope of this work.

Focusing therefore on the real alignments we obtain the Higgs basis rotations Ryg0 = I
and R,,, given in Eq. .

The shape of the scalar potential decides over the global minimum and also determines
the scalar mass eigenstates fixing the angle p in the charged Higgs interactions. Quartic
couplings in the scalar potential can lead to deviations from these alignments, which,
for the sake of simplicity, are neglected here as they produce only subleading effects.
The general As-symmetric SHDM potential [119)

3 3 2 3
V(¢)=—u22¢1¢i+a<z¢3¢i> + > (Belsi)(0le)) +lsle;?)

=1 i=1 1,7=1,i#j (472)
+ (6 |:(¢11-¢2)2 + (¢12-¢3)2 + (¢;¢1)2} + hC) (M?avlga77 6)0 € IR) .

extends to Sy in the case that § is real, which we adopt in the following. Hence, most
statements regarding the A4 potential also apply to Sy and vice versa. An interesting
feature of the Sy potential is that the VEV alignments v(1,1,1) and v(1,0,0) and
their respective Higgs basis rotations already diagonalize the charged Higgs couplings
without further ado. As a consequence, the mixing angle p is zero and the charged
scalar couplings can simply be derived from the Higgs basis Lagrangian with

V] = Uy = V3 : m?2 . =m?. = —v3(y+9),
gz e (4.73)
vg =v3 =0 : mezzmHi:v(’y—d).
Therefore, in both alignments the Wilson coefficients C'p(r) reduce to
3
> VR [nnb T +§nbUTTrLkgi;:':| ) (4.74)
b,c m=1
3 ~
HjE m=1

and since the contributions of H, bi and HF are indistinguishable because of their mass
degeneracy, we can further replace 77+ & — 7 yielding

1 N e
CR ) Z ‘/CSKMU%JUT kn;f,'r ) (4'76)
mHi m=1
b,c
1 3
CrL = DRTEA Ay e VAN (4.77)
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For the A(27) symmetric potential
3 3 2 3
V(9) = =i éldi+a (Z ¢I¢i> + Y Bl (@les) + el ]
i=1 i=1 ij=1,i#] (4.78)
+ (5 [(0162) (61 03) + () (@hon) + (8ho) (@hs)] + hc.)

with u,a, 8,7 € R, § € C, the charged Higgs masses are

o . 2 _ .2 _ 2
V] = Uy = V3 : Mps =mie =—0 (v + Red),
1,2 b,c (4 79)
vp=v3=0 : m2. =m?,. = —v2p. '
Hi, Hy,

Thanks to the discrete symmetry, also here the Higgs basis transformations diagonalize
the charged Higgs Yukawa couplings with p = 0. Therefore the Wilson coefficients
Cr(r) are again given by Egs. and .

In conclusion, the highly symmetric VEV alignments of symmetries with triplet repre-
sentations greatly simplify the charged Higgs couplings of 3HDMs. Since the charged
Higgs bosons are degenerate in mass, the 3HDM is reduced by the flavor symmetry to
an effective 2HDM type III. This generic feature disfavors some of the most popular
models based on A4 or Sy that are motivated by neutrino mixing data as candidates
to explain the R.) anomaly. An example using the S; flavor model of Sec. is
discussed in the following subsection.

S4 Model Example

Using the 54 model of Sec. as an example, the matrices !, ¢/, Vz,, and Vi are derived
easily from the basic structure of the charged lepton sector. The scalar triplet ¢ acquires
VEVs in the alignment %(1, 1,1), hence the Lagrangian is transformed into the Higgs

basis via the Ry, rotation given in Eq. (2.38). The ¢? couplings are given by the
matrix 7', which has to be diagonalized yielding the unitary matrices VLZ7 r- Explicitly,

1/ Me my M _
= =5 (4.80)
Yy = 3 wme  wmy  mr o |, w=e€e3 , .
WM me# m,

is diagonalized by a bi-unitary transformation VLylV}]; with
2

w
w? and Vg = diag(1,1,1). (4.81)
1

&

1
1
Vi=—| 1
1

V3

— &

The matrices V;, and Vi in turn determine the entries of 7' and §~l that eventually fix
the charged Higgs couplings. In agreement with Eq. the charged scalar masses
are degenerate, therefore their couplings cannot be distinguished in an experiment and
we can redefine 7' + & = 77, which is precisely

0 m, m
2 # T
7 = —£ me 0 my |. (4.82)

me my 0
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Figure 4.5: Constraints from Rp (blue) and Rp« (red) in the VCEMpd - guwy/CKM plane
with TLE® = — 220, s = 200 GeV (a) and TEH = 1, mys = 500 GeV (b).

In conclusion, the sum of the charged lepton contributions 'L - entering the Wilson
coefficients Cg(r) is

pLrs — _V2m S S U= oY (4.83)

v i=17=1 v

where «a is an order one coefficient defined by the sum of the PMNS matrix elements.

Using this result (assuming for simplicity a ~ 1) and the constraints from Rp and Rp-,
Eq. , we can determine the values of 7%% required to explain the ratios. As
Fig. [4.5] (a) shows, the anomaly could be explained by pure up-type flavor violation
in some region of the parameter space. However, 7% has to be at the minimum order
1, which implies flavor-violating couplings at least of the order of the top Yukawa for
mpy+ = 200 GeV. More realistically though, the charged Higgs masses should be much
heavier to avoid tension with rare B decays and direct searches via decays into W+

gauge bosons. This in turn would require even larger 7 couplings to account for R ..

Fig. 4.5 (b) depicts an alternative scenario with order one lepton couplings and charged
Higgs masses of 500 GeV. In this scenario up-type flavor violation may be much smaller,
but the large LF'V should be checked against processes such as p — ey.

Since Higgs couplings to fermions are typically of the order of my/vsm < 1, it is difficult
to explain the origin of such large flavor-violating couplings in a multi-Higgs framework
with discrete symmetries. We therefore conclude that charged scalars may not be the
ideal candidates to explain the R .) anomaly and take another approach to the B
meson puzzle in the following section.
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4.3 COMMON ORIGIN OF B DECAYS AND NEUTRINO MASSES

TeV scale leptoquarks modifying b — sl and b — ¢lv transitions are among the most
prominent solutions to the flavor puzzles posed by low-energy precision B physics. Viable
candidates to explain the observables Rx and R.) include the scalar leptoquarks Sp
and Sp |186}205-211], and the vector leptoquarks V and Vi ,o [212H214]. Attempts
have been made using leptoquarks to draw connections beyond B physics to other
unexplained phenomena, such as neutrino masses |147,215-222|, Ov35 decay [223,[224],
g —2 [62,225,1226], h — pt [226,227], and even the diphoton excess near 750 GeV
reported in 2015 [228,229]. Vector leptoquarks in particular have been shown to
be excellent candidates to explain the latter without the need of introducing many
additional fermions [228,230]. For a recent review on leptoquark physics, see Ref. [231].
Conveniently, constraints from B-physics force the leptoquarks into a testable range,
1TeV < M < 50TeV, with an upper bound on their mass dictated by the B, — By
mixing phase [205].

In this section we explore the possibility of such TeV scale leptoquarks being respon-
sible for low-scale neutrino masses, thereby connecting several currently unresolved
phenomena of the SM. The idea of leptoquarks as the origin of neutrino masses has
been considered before, but previous attempts expected lighter leptoquarks with small
couplings or involve two loops, where one of the leptoquarks cannot be linked to the B
anomalies as it couples only to up-type quarks. Explaining Rx and Rp, on the other
hand, requires sizable couplings to down-type quarks and charged leptons, posing a
challenge to combine the seemingly distinct observables.

To this end we propose viable flavor patterns based on an FN framework for the scalar
leptoquarks S and 57 /9, and for the vector leptoquarks Vy and V; /5 to accommodate the
B physics anomalies and neutrino masses. Even the diphoton excess can be addressed
in this model, which is discussed in chapter 5.2l The FN mechanism reproduces the
fermion mass hierarchies and the quark mixing in good agreement with experimental
data [85], while the neutrino-leptoquark interactions give rise to the large leptonic
mixing angles.

We introduce the necessary tools in the context of the scalar leptoquark model with Sy
and Sy /9 in Sec. and discuss under which conditions this model can accommodate
the Rx anomaly and neutrino masses. For the sake of clarity, a more thorough analysis
using the vector leptoquarks Vj and Vj 5 is postponed to Sec. These leptoquarks
additionally account for the observed deviations in R and consequently require a
more intricate model realization.

4.3.1 A Scalar Leptoquark Model for Rk and Neutrino Masses

The mixing of two leptoquarks induced by a AL = 2 Higgs boson coupling is not
only crucial for generating Majorana neutrino masses, it can also affect the B meson
observables if these two leptoquarks both contribute to down-type quark transitions. To
explore whether the B meson anomalies and neutrino masses can actually be combined
in one framework, we start from a minimal model based on the scalar leptoquarks 57
and Sy /9. The section is divided into three parts. First we study the leptoquark mixing
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and their effects on Ry, then we discuss the generation of neutrino masses, and finally
we propose some ideas to combine the two processes.

Leptoquark Mixing and Ry

As shown in Ref. [205], the deviation in Ry is best explained by (axial) vector operators
that, unlike scalar operators, affect B — Kl but leave By — [l unchanged. Due to Fierz
rearrangement [150], the desired vector operators are induced by scalar leptoquarks with
electric charge 2/3 or —4/3 that couple to down-type quarks and charged leptons. In
light of neutrino mass generation we focus only on the 2/3 leptoquarks, whose mixing
can induce a Majorana mass as depicted in Fig. [£.7] Their corresponding quantum
numbers are listed in Tab. (4.6

Leptoquark  (SU(3)c, SU(2)L)uq)y QEM B L
S/ (3,2)1/6 (-1/3,2/3)  1/3 -1
S (3,3)_1/3 (2/3,-1/3,-4/3) 1/3 1

Table 4.6: Quantum numbers of the scalar leptoquarks with electric charge 2/3 that
can account for the Ry anomaly as well as neutrino masses. B and L here refer to
baryon and lepton number, respectively.

I* It

Figure 4.6: b — 3ll transition mediated by the scalar S; (i = 1,2) (left) and vector
leptoquark V; (i = 1,2) mass eigenstates (right), defined in Eq. (4.90) and Eq. (4.127),
respectively.

To study effects on Ry it is convenient to work with a flavor-changing |[AB| = |AS| =1
effective Hamiltonian, integrating out the heavy degrees of freedom
Gr

[0
off = —4— i 1Yy 4.84

where G is the Fermi constant, a. the electromagnetic coupling, V,,4 the CKM matrix
elements, and C; are the Wilson coefficients of their operators O;.
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By adding the leptoquarks listed in Tab. to the SM field content we can write down
interactions of the form

—Liq = Mg ,dPLLS /2 + N5, Q°PLimyS{L + hec. (4.85)

After Fierz rearrangement these leptoquarks generate the effective (axial) vector opera-
tors

Oy = [7" Prb] Il
O10 = [57"Pub] [Tyl

and their chirality flipped counterparts (95’;710 by interchanging the chiral projectors Py,
and Pg. A comparison with Eq. (4.84)) yields (I = e, u),

L\ \L
’ 0 ac VaVii 2m3Gr’
. 1)‘51 ()‘l])%) \/§

- * 2 )
ae VpVis 4mg Gr

(4.86)

(4.87)

. " _ 1"
Si2: Cp = —Cy

where the gl indices denote one element of the matrix A%.
As shown in Refs. [147,1232], two leptoquarks sharing the same electric charge @ will
eventually mix through a coupling with the SM Higgs boson via

V(Si,H) = —(m§ —gs,H'H)S]S;

4.88
+hsHirS1S] 5 +hee. (i=1,1/2), (4.88)

with m?% = m’gl — gsing. The last term, in particular, accounts for the mixing and
hence induces neutrino masses if hg # 0.

The resulting leptoquark mass eigenstates are a mixture of flavor states with the Qgm
charges 2/3, —1/3, and a distinct —4/3 state

12 2

9 . 9 . mg, — 95,Vsm hsvsm

My,;3 = MZy3= L 2 R
SUSM mg,,, — 9512YSMm

2 _o» P)
M?,,3 = mg —3gs,03y -

(4.89)

The rotation angle o diagonalizing the M22/3 matrix is determined by

@1 _ R S . R= Cf)SCM —sin« (4.90)
S9 S1/2 2/3 sina  cosa

2h
2577)81\/[2 ’ (4.91)
mSl/Q —mg,

and tan2a =

where S; denotes the leptoquark mass eigenstates. The mixing shifts the absolute lepto-
quark masses and induces additional (pseudo-)scalar and tensor operators potentially
affecting B(Bs — 1) and B(B — KIl). Their Wilson coefficients are

Al (L) 1 1
Cs=Cp=— " ) sin 20 (2 = 2) (4.92)
4Oée\/§GFV;5bV;5§ 5 Mg
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with similar expressions for C', and C% directly depending on the mixing angle a. For
m%l P m?gl the coefficients simplify to

hsvsmAE (ML)
™ sl bl
Cs=Cpr~— - ; <2 ) , (4.93)
4oV 2GRV Vi mg, Mg,
' / s hS’USM)\SLl (AI];%)
—Clh=Clh~— - ——— (4.94)
40 V2G Vi Vi mg, ,,Ms,
Cr = (Cs+Cq)/4, Cr, = (Cs—C4%)/4. (4.95)

The Wilson coefficients C's p 1 are suppressed by a factor hsvsn / \Am%|, with Am% =
m%m — m%l, and are therefore less relevant at low energies, but should be taken into
account in the case of degenerate leptoquark masses. In the limit of small mixing, the
shift of the leptoquark masses also becomes negligible for determining Rg.

As shown, e.g., in Ref. [218], the dimensional parameter hg cannot be arbitrarily
large, but is in fact limited by the condition of positive leptoquark masses and the

perturbativity of the theory to
hs < mg,ms, ,,/vsM - (4.96)
The Ri measurement by LHCb implies at 10 [205]
0.7< Re[X¢— X < 1.5, with X'=C)—-Cl,=2Ch. (4.97)

Hence, with the combination of S; and S;,, we obtain in the case of small leptoquark
mixing

e 2 * *
X e i [06) - 08 N

S A RESYACYAN } .

s, s

(4.98)

By considering all constraints on leptoquark couplings to down-type quarks and charged
leptons, the authors of Ref. [186] came up with a “data-driven” pattern that complies
with all current bounds and can produce a visible signal in b — sll processes:

pak  pd pd
Ag~Xo| propop (4.99)
K 1 1

with the allowed parameter ranges (assuming Ao ~ 1)

pa < 0.02, k<05, 101<pst,
<05, Pi <16.

~

(4.100)

The constraints leading to this pattern are summarized explicitly in Sec. The
overall scale A is fixed by Eqgs. (4.97)), (4.98), and the leptoquark masses mg,, where
Ao =~ O(1072) corresponds to light leptoquarks of a few TeV, while \g ~ 1 implies heavy
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leptoquarks. Assuming for simplicity that both AX and A® follow this pattern — many
other possibilities are plausible, too — Eq. (4.98)) simplifies to

X¢— XF = i

2 1
- \/%G—m)\gp(mz —1) (2 - 2) : (4.101)
e s

mg, mSl/Q

This can be matched perfectly well to Eq. for a suitable choice of couplings
and leptoquark masses. If, e.g., the leptoquark masses are strongly hierarchical with
ms, , > mg,, the mixing between them is minimized, thereby rendering additional
(pseudo-)scalar and tensor operators negligible. Ry is then almost exclusively determined
by Si. It is noteworthy that, if Sj,9 indeed contributes significantly to Ry, the
measurement of Ry« will be a smoking gun of NP since right-handed currents lead to
deviations in the double ratio };’; = # 1 [206].

Generating Neutrino Masses

If at least two leptoquarks with couplings to the same type of quarks are present, a
Majorana neutrino mass as depicted in Fig. [£.7] can be obtained at one-loop level. As
pointed out in Refs. [147,233], this mass term is generated by leptoquark mixing with
the Higgs boson and depends on the leptoquark couplings A as well as on the strength
of their mixing. This is particularly interesting in models where a combination of two
leptoquarks is considered to explain the measured B meson anomalies.

X
H
|

I

~

Figure 4.7: Majorana neutrino mass generated at one-loop level through a AL = 2
leptoquark-Higgs coupling.

Assuming that the scalar leptoquarks S1 and S /9 are used simultaneously to reproduce
Ry, the contributions to the neutrino mass matrix read

y 3
Mii’ =T Z Z kaO(Oamiam%-)leRjQ
167 =12 k=d,s,b ’

<[08.), 08),, + 04),, (0%,

where Rj; are the elements of the rotation matrix diagonalizing the leptoquark mass
matrix. Following Ref. [217], we consider only the finite part of the Passarino-Veltman
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function By since the divergences cancel out due to Ri1R12 = —Rs1Ro9 = sin2a. In
the relevant leptoquark mass range 1 TeV < ms; < 50TeV By is limited to
m3 log(m3) — mzsj log(m3%)

- <8. 4.102

BO(O’mi7mgj) =

Starting from the data-driven pattern shown in Eq. , we can estimate the absolute
neutrino mass scale generated by the leptoquark couplings. The pattern is strongly
hierarchical in terms of quark families since the light generations are tightly constrained
by kaon phenomenology. Therefore, it is clear that the bottom quark will dominate the
loop assuming that A¥ and A\f have a similar structure. The latter does not have to be
the case, and other plausible scenarios are discussed in the remainder of this section.
Considering only the dominant bottom quark loop we obtain

MY, ~ F:;me sin208By [(A,,), (A%),, +(A8,,),, (X&), ] (4.103)

=a

with
ABy = [Bo(0,m3,m¥, ,) — Bo(0,m, m¥,)] , (4.104)

and after inserting Eq. (4.105))

ﬁ2

v 2
MZ-Z-/O(CL-)\O K

K

(4.105)

[
—_ =X

while the neutrino mass eigenstates in terms of the leptoquark couplings are given by

my =0,  mgg =a {Z )\zﬁAzﬁ(l)\/Z (\R)* > (/\ﬁ)2} : (4.106)

with )‘51/2 = \E, )‘§1 = A and i = e,pu, 7. In agreement with Ref. [217], one mass
eigenstate is exactly zero if either only down-type or up-type quarks generate neutrino
masses.

Judging from Egs. (4.105) and (4.106]), a small breaking of the ;. — 7 symmetry of the
original pattern is required to obtain two nonzero neutrino masses, and — if leptoquarks

are the sole origin of lepton mixing — to reproduce the PMNS mixing matrix observed
in neutrino oscillations. Since we perform only an order-of-magnitude estimation, this
problem is ignored for the moment.

Moreover, the rough estimate using the data-driven pattern yields an eigenvalue of order
one times the bottom quark mass, which lies in the GeV range. Taking into account that
Ao can be as small as O(1072), we can suppress the neutrino mass scale by another four
orders of magnitude. It then comes down to explaining the smallness of the parameter
a to reduce the mass scale by another five orders of magnitude. We can either attribute
this to a tiny mixing of the leptoquarks with the SM Higgs, or a degeneracy among the
leptoquark masses, for which the difference of Passarino-Veltman functions

2

Mg
ABy =~ log [1/2] my < mg, (4.107)
w | (mhemd)
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approaches zero. In this limit tan 2« [cf. Eq. ] goes to infinity leading to maximal
mixing among the leptoquarks. As a result sin2a = 0.5 will take its maximal but
finite value. As stated earlier, however, with |Am%| becoming small, additional scalar,
pseudoscalar and tensor b — sll-inducing operators become relevant that have to be
taken into account in the computation of R .

Interestingly, the mixing is minimized in the opposite scenario with strongly hierarchical
leptoquark masses mg, , > mg,. The extent is limited by the upper bound on the

leptoquark mass mg < 50 TeV to comply with the phase measured in BY — Eg mixing.
ABy = 7.8 then takes its maximal value, while tan 2« is suppressed by a factor of up to
2500. Last but not least, one can also argue with the smallness of hgvgy compared to
Am% to reduce the mixing by a few orders of magnitude.

In the following section we concentrate on alternative setups to suppress the absolute
neutrino mass by adopting different structures for the coupling matrices A% and A\,
including an FN mechanism.

Alternative Setups

As stated above, A and A" need not necessarily have the same pattern. Distinct
couplings together with a slight breaking of the y — 7 symmetry are actually favored
by neutrino oscillation experiments requiring two nonzero neutrino mass eigenstates
and large mixing angles. The latter dictate certain relations between the leptoquark
couplings to explain the hierarchy of the mixing angles 613 < 612 < 023, assuming that
leptoquarks alone are responsible for the leptonic mixing [217]:

MNEAE L AE AR« \E AR L \L R

AVIRVEVERNAVERNVIV S (4.108)
AguAgr T A Aqn 2 AquAqn = AgrAgr -

Furthermore, the couplings in A and A® do not have to be the same order of magnitude.
One or the other could have significantly smaller couplings to the SM fermions, effectively
rendering the corresponding leptoquark redundant for the explanation of the Ry anomaly,
while at the same time reducing the absolute neutrino mass scale considerably.

In the case that only one leptoquark contributes to the B meson sector, a third
possibility opens up that forces one of the leptoquarks to couple exclusively to lighter
quark generations, e.g.,

Nde MNdp  Ndr 0 0 0
A~ 0 0 0 , A Nse Nsp Msr | - (4.109)
0 0 0 0 0 0

The ng and 7y entries are constrained to be small by experimental data and will,
therefore, lower the neutrino mass scale. Moreover, the mass scale is further suppressed
by the light quark masses mg, mq << my now dominating the loop. Consequently, the
requirements for the leptoquark-Higgs mixing are much more relaxed compared to the
previous scenarios.

Finally, if one leptoquark couples solely to up-type quarks while the other one does
not, neutrino masses can be generated only at two-loop level [218]. This mechanism
sufficiently suppresses the neutrino mass scale, but is independent of the B meson
anomalies.



4.3 COMMON ORIGIN OF B DECAYS AND NEUTRINO MASSES

A quick numerical example will demonstrate that some reasonable choice of parameter
values can indeed combine the Rx measurement with the light neutrino mass scale at
one-loop level. Starting from the patterns

. Pak  Pd  Pd " Nde  Mdp  Mdr
)‘51 ~ Ao prkp P ) )‘51/2 ~ Nse Msp Mst | (4.110)
k 1 1 Moe  Mop  Mr

where the 7y are arbitrary constants, the neutrino mass matrix M}, is approximately
given by
2Mpek KMo+ Mbe KNbr =+ Tbe
M =al ko +me 200 Nor =+ Moy
KMbr & Mbe  Mor + Moy 21r (4.111)

m2

with a = %mb sin 2a log [77’2121 .
In the limit mg, ~ 1TeV < mg, ,, = 50 TeV, 51 will be the dominant contribution to
Rk . Choosing Ao,k and p ~ O(e) with € ~ 0.2 will then comply with flavor physics
precision measurements and yield 0.7 < Re [X¢ — X#] < 1.5 implied by Rx at 1 0.
By using a specific ansatz for the leptoquark couplings, e.g., ng ~ mgm;/ v%M, we are
able to pin down the neutrino masses. Such hierarchical patterns are motivated by
and easily obtained in FN-type flavor models, where the fermion mass hierarchies are
explained through an additional U(1)pyx family symmetry.
As an example, let us consider the fermion and leptoquark charges listed in Tab. [£.7]
which can reproduce the SM fermion mass hierarchies (e ~ 0.2)

My, Me my ~ € ¢t o 1,
mq mg my, ~ € & &, (4.112)
Me my my ~ € : & &,

with some minor deviations in the CKM mixing matrix. We denote the Wolfenstein
parameter here € instead of A to avoid confusion with the leptoquark matrices A%,
The FN charges can be expressed in terms of the free parameter Qpn(7) = ¢, which
always cancels out in the leptoquark interactions of Eq. . Furthermore, demanding
U(1)pn invariance of the interaction H 1'7'2515’1r /2 essential for neutrino masses, dictates
the FN charge assignment Q(S1) = Q(S7/2), provided that the Higgs charge Q(H) = 0.
This implies g; = 6 but does not affect the leptoquark-fermion couplings.

The resulting leptoquark textures are the following:

et 8 & e e €

L o 3 2 2 R | 6 5 5
Ag, = | € € € |, s, 2| € € € |, (4.113)

€ € € e & 8

which correspond to A\g ~ €, p ~ €,pq ~ € and k = € of the data-driven pattern,
cf. Eq. . Note that the charges were chosen such that one of the patterns
is inverse hierarchical in terms of quark generations, i.e., coupling strongly to d and
weakly to b quarks. This has some interesting phenomenological implications not only
for neutrino masses. By accommodating the two leptoquarks simultaneously in the FN
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Field Ql QQ Qg d S b u C t
Ul 2 1 0 9 6 3 10 5 0
Field Ll L2 L3 € 1% T Sl Sl/g H

Uy ¢ +1 ¢ ¢ ¢+10 ¢+5 ¢+3 ¢ -1 11—¢ 0

Table 4.7: Possible U(1)pn quantum numbers consistent with the SM fermion mass
hierarchies and Vogy to obtain the patterns discussed in Eq. (4.113). The condition

Q(S1) = Q(S1/2) implies ¢r = 6.

flavor symmetry, one of the leptoquarks always suppresses the strong couplings of the
other, consequently leading to naturally-light neutrino masses. Since

ms & mype’, mg e (4.114)
and therefore
mAg gy = e’ (q=b,5,d), (4.115)

all quark loops contribute equally to Eq. (4.102)), resulting in an additional factor of 3
in our estimate of the neutrino mass scale. For hg = 1TeV, we find

m4 ~0.30eV,  mh~00leV, m!=0, (4.116)

which approximates the expected neutrino mass scale quite well. The structure shown in
Eq. (4.111)) also guarantees three nonzero mixing angles implying that leptoquarks could

very well be the sole origin of neutrino masses and mixings. Obtaining the observed

2
atm

would require an explicit model realization, which is reserved for the vector leptoquarks
discussed in Sec. 4.3.2
Note that the leptoquark patterns should be rotated into the mass bases of the respective

mass squared differences Amy,,, and Amgol and the exact mixing angle values, however,

fields before analyzing their impact on flavor observables. Since we make only order-of-
magnitude estimates, the rotation matrices are neglected in this discussion keeping in
mind that due to the FN mechanism the mixing matrices are approximately diagonal.
With that said, the mass basis transformations are taken into account in the more
detailed analysis of the vector leptoquark model in Sec. [4.3.2]

Inverse hierarchical patterns like in Eq. can induce Ov33 decay and the resulting
limits can be even more stringent than those from LHC searches [215,223]. This is
particularly interesting since one of the leptoquarks interacts strongly with the first
quark generation. The Ov3/ decay requires leptoquark couplings to up-type quarks that
in our framework are only provided by S;. Consequent mixing with S; /o then generates
the operator [223]

h
AL AR ST (5P| [@Prd] . (4.117)

51/2m51

=C
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which is because of our limited leptoquark content the only contribution to the Ov3S
decay. Hence, the expression for the half-life simplifies to

-1
v . 2
T10/§B = <|/\/1GT\2 %02> ) (4.118)

where Mg is the nuclear matrix element and @ is a function of the electron mass and
the nuclear radius. For %Ge, |[Mgr|?d = 6.52 x 10710 was obtained numerically in
Ref. [223] and afterwards corrected by a factor of 4 in Ref. [234].

The best bound on the half-life of ““Ge is currently provided by GERDA [27] with

157 (10Ge) > 2.1 x 10% yr. (4.119)

Using the leptoquark patterns shown in Eq. (4.113), we obtain My = €7 and
consequently

4 4
TOVBB(76G6) ~ 25 X 1021 yr m51/2m51 )
(sin2a)?  Am$(TeV)*

1/2 (4.120)
For our numerical example with mg, ,, =~ 50TeV, mg, ~ 1TeV and hg = 1TeV, the
OvBpB half-life results in

T57° (Ge) ~ 9.7 x 102 yr. (4.121)

If the hierarchy of )\gw is even stronger, i.e., mg ~ mye’, it is possible to suppress the
neutrino mass scale while getting dangerously close to the current Ov33 bound. In the
scenario of almost degenerate leptoquark masses, mg, ~ 1TeV and mg,,, ~2TeV, Sy /5
still does not contribute to Rx due to its tiny s and b quark couplings. Yet, as opposed
to the previous example, the mixing is now significantly enhanced with « ~ 0.01 for
hs = 0.1 TeV. The extra suppression of )\gl/z then compensates for the strong leptoquark
mixing to keep the neutrino masses in the eV range. These values thus yield

10777 (5Ge) ~ 2.7 x 10% yr, (4.122)

which lies within the expected sensitivity of GERDA phase II. We conclude that the
OvBp limit is respected thanks to the small leptoquark mixing, but could in principle
allow for an observation of the Ovf35 decay in the near future. Another interesting and
important task would be to study the washout effect on the baryon asymmetry of the
Universe but this is beyond the scope of the present analysis [235].

4.3.2 Rk, Ry and Neutrino Masses with Vector Leptoquarks

While scalar leptoquarks can be used to combine Ry with neutrino masses, their vector
counterparts can additionally accommodate R,.) and the 750 GeV diphoton excess
recently observed by CMS and ATLAS [74,[75]. In fact, also scalar leptoquarks can

easily provide the large O(1) couplings necessary to account for the deviation in Rp.).

However, such couplings are in tension with B — X vr measurements, implying that
possible solutions are strongly fine-tuned [211]. The vector leptoquark Vj plays a special
part in the anomaly puzzle by providing all the vital interactions for R .) and Rg
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while not coupling down-type quarks to neutrinos, which is crucial for B — X vv. A
model exploiting this unique property of Vj is presented in the following section.

First we review how Rg and Rp.) can be explained with the vector leptoquarks Vj
and Vj /9, highlighting the differences and caveats compared to the scalar leptoquark
framework. After summarizing the flavor constraints briefly, we embed the vector
particles in an FN symmetry to obtain appropriate hierarchical patterns. The neutrino
masses and the favored model parameter space are discussed in the final part of the
section.

Ry and Ry

Recently, an analysis based on a U(2)% flavor symmetry also concluded that among
the many possible leptoquark mediators, the (3,1)s,3 vector leptoquark Vj is the most
suitable to explain the anomalies in the B meson sector [214]. Here we take a different
approach to shaping the leptoquark couplings by embedding them into a U(1) FN
framework. While Ref. [214] focused on constraints from the flavor sector, we study
in addition how these patterns affect neutrino masses and even the diphoton excess
(see Sec. [5.2)). To extend the framework to neutrino masses, we introduce a second
leptoquark Vi o that mixes with V{ through a AL = 2 Higgs boson coupling. The
quantum numbers of these leptoquarks are summarized in Tab.

Leptoquark  (SU(3)c, SU(2)L)uq)y QEM B L
Vi/o (3,2)16 (2/3,-1/3) 1/3 1
Vo (3,1)2/3 2/3 1/3 -1

Table 4.8: Quantum numbers of the considered leptoquarks with electric charge 2/3
that can account for the R and Rp anomalies as well as neutrino masses. B and L
here refer to baryon and lepton number, respectively.

Adding Vj /9 and V to the SM field content leads to the following interactions

Lo = M Qv LV, + Aﬁl/ﬁwLVf/m + h.c. (4.123)

Note that the Vj,o leptoquark shares its quantum numbers with the gauge bosons
arising in SU(5) — SU(3)c @ SU(2) @ U(1)y breaking. To avoid rapid proton decay,
which is a typical feature of minimal SU(5) models, we assume an underlying symmetry
that forbids dangerous diquark operators emerging with V; /5.

Like the scalar leptoquarks, the vector particles sharing the same electric charge
eventually mix via

V(Vi, H) = — (m{ — gv, H H)V,, V' £124)
+hy Hin VI, Vil +hee. (i =0,1/2),

where hy # 0 is crucial for nonzero neutrino masses and m%/l = m’VQZ —gv.HTH. Again,
the hy parameter is limited by the condition of positive leptoquark masses and the
perturbativity of the theory to

hy < myymy, ,/vsm - (4.125)
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The leptoquark mass eigenstates are a mixture of flavor states with Qgym charge 2/3
and a distinct —1/3 state stemming from V3 /9,

2 _ [ ™% — gvviu hyvsm
M2/3 - 12 2 )
hVUSM mV1/2 - gvl/QUSM (4]‘26)
2 2 2
M2y, = m?@2 —9vy,5V8Mm -
The rotation angle o mixing the 2/3 states is here given by
% Vi 2h 2h
( ! ) =R ( 0 ) , tan2a = — VUSM2 = VUSM , (4.127)
Va Vije my, , — My, Amy;

where V; denotes the mass eigenstates.

The left-handed currents induced by Vi are sufficient to explain the SM deviations so
that Vj,9 only acts as an auxiliary particle to induce neutrino masses. The leptoquark
Vi /9 itself does not couple directly to down-type quarks, but will do so through its
mixing with V. However, as the leptoquark mixing is required to be small in order
to generate naturally-light neutrino masses, any effects on Rx or Rj.) from V; /o are
negligible, which implies also that Rx+ = R.

With these considerations, the computation of Ry is simplified compared to the scalar
leptoquark case since V; /o does not contribute to the B meson sector. The comparison

with Eq. (4.84) yields (I = e, p),
TN V2

Cl=-Cly= : 4.128
9 10 Qe ‘/;fb‘/{; 2m%/OGF ( )
Hence, we obtain
s
Xe—_XH = MoANE NN

\/iaeGF‘/thZ;m%/O ( se “‘be Ssp bu) (4129)

which is equivalent to

m2

AN = MENE ~ (1.8+£0.7) - 107822 (4.130)

TeV? '
In conclusion, if the leptoquark mass is around 1 TeV, the corresponding product of
couplings has to be of the order €* to accommodate the Ry data.

While a variety of operators contribute to the tree-level process b — ¢lv depicted in Fig.

[4.8] several authors pointed out that the vector operator Oy gives an excellent fit to
the R . data [212}213/236],

Oy = [é’y”PLb] [Z'Y/ﬂ/l] . (4.131)

In leptoquark UV completions this operator can be provided by both the (3,3),,3 and
(3,1)2/3 vector leptoquarks Vi and V. The scalar operators Ogy, and Ogp can also
explain the data but are fine-tuned and in tension with the measured ¢® spectra. This
disfavors, e.g, generic 2HDM solutions with a charged scalar contribution as argued
in Sec. In our framework the purely left-handed couplings of the leptoquark Vj
generate Oy with the Wilson coefficient

1
b — L \LLx 4.132
L,lv 2\/§GF‘/;bm%/0 bl ev ( )
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which translates to the constraint [212}213]

2
mi,

Ly Lx L \ Lx
NA, = M, ~ (0.18£0.04) 6

(4.133)

Explaining the measurement hence requires a mild hierarchy between the second and the
third column of A with O(1) third generation couplings. Furthermore, any explanation
of Rp») must also accommodate the SM-like branching ratio of B — 77 [237], requiring
further suppression of leptoquark couplings to up quarks.

C v C v

Figure 4.8: The b — ¢rv decay induced by the scalar S; (i = 1,2) (left) and vector
leptoquark V; (i = 1,2) mass eigenstates (right).

Constraints

Besides the B — X vv measurement, which is evaded strategically by utilizing the
Vo leptoquark, lepton flavor- and universality-violating processes involving down-type
quarks have to be considered in leptoquark model building. Rare kaon decay data places
stringent constraints on the first two quark generations [150],

2
m
M < 8 4.134
| du s,u’ ~ (183T€V)2 ( 3 )

Assuming my,q ~ 1 TeV, this implies |AdLuA£:] < €5 with € ~ 0.2. The couplings required

to explain Rx and Rp can also be combined to induce flavor violation. These final
states are limited for instance by B~ — K~ urt [213,238],

2

mr,
NG+ A S et (4.135)

On the other hand, constraints from flavor-violating top decays such as t — brv, are
rather weak,

2
L\L MLQ
’)\bT)\tl/‘,—‘ 5 48T€V2 )

(4.136)
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as opposed to the flavor-violating lepton decay u — ey, measured by MEG, which
constrains [186,/199]

2
AL < ol (4.137)
aeanl X (35 Tav)2

Thus \)\qLe)\qLM] < ¢!, assuming again mpq ~ 1 TeV.

Summarizing the above constraints, an ideal pattern (excluding possible texture-zero
solutions) to account for Rx and R ., and to comply with experimental searches would

read
66 64 63
Mol & @ e | (4.138)
e e 1

The matrix A\ is a priori a general matrix. The symmetric pattern in Eq. is
chosen for simplicity while satisfying the experimental constraints. In the following
section we study possible U (1) charge assignments to generate such a pattern in an FN
framework based on the two leptoquarks V and Vj /s.

Vector Leptoquark Model

Like in the scalar leptoquark model, the left-handed quark charges are fixed by the CKM
matrix, whereas the fermion mass hierarchies, cf. Eq. , dictate the corresponding
right-handed field charges. As long as the origin of neutrino masses is unclear, some
freedom remains in the choice of the leptonic FN charges. Furthermore, the interaction
H iTgi‘mVOL essential for neutrino masses and mixing, implies Q(Vp) = Q(V; /o) if the
Higgs charge Q(H) = 0.

Evidently, obtaining the ideal pattern given in Eq. requires the @, charges
(3,1,0). Such choice of charges, however, leads to a small Cabibbo angle and large mixing

among the second and third quark generations contrary to experimental observations.

Bearing a little fine-tuning to explain R . we will therefore focus on the @Q); charges
(3,2,0), which are a better fit to the CKM matrix.

The resulting charge assignments can again be expressed in terms of Q(L3) = ¢,
allowing one to suppress the right-handed couplings A® by choosing different integer
values for ¢q,,

66 64 63 68—&-2q7 66—1—2(17 65+2qT
/\‘L/O ~| & & & |, )\‘}2/2 ~ | SF2r St (242 | (4.139)
e € 1 3t2ar  (1+2¢r €24r

e.g., for ¢ = 5 we obtain

18 16 15

)\51/2: eld €3 2] (4.140)
613 611 610

Note that in the present scenario both patterns are hierarchical resulting in interesting
phenomenological consequences. As opposed to the scalar leptoquark case, the free
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parameter ¢, does not cancel in the leptoquark interactions involving Vj /o, leading to
a severe suppression of the corresponding couplings. Large integer values of ¢, not
only explain the small neutrino masses, but also render V; /o negligible in all flavor
processes. The Ov3g half-life is also way beyond the reach of current or next-generation
experiments due to the suppressed first generation couplings.

Field @1 @2 @3 d S b u & t
Ulpx 3 2 0 4 3 3 5 2 0
Field I Ly Ly e [ T W v, H

Ulpn ¢ +3 ¢+1 ¢ ¢—6 ¢—4 ¢—-3 —¢ ¢ 0

Table 4.9: Possible U(1)pn quantum numbers to obtain a flavor model with natural
fermion mass hierarchies and approximate CKM mixing in good agreement with experi-
mental data. Choosing ¢, = 5 results in the vector leptoquark patterns shown in Eq.
, while larger values of ¢ > 5 will gradually suppress A couplings even further.

The FN charges yield the following fermion mass matrices up to O(1) coefficients

68 65 63 67 66 66 69 67 66
My~ € & & |, My~| & & & |, M~| & & ¢ |. (4.141)
e € 1 e e & e et &

The fermion mixing matrices that are required to rotate Al into the mass basis follow
directly from Tab. and are approximately given by

1 € € 1 & €
uL7d ~ e 1 €& |, VZL’R ~l & 1 € |,
e e 1 e e 1 L149
1 & ¢ 1 e € (4.142)
VE~ | & 1 @ |, VEx| e 11
e € 1 e 1 1

Although the mixing between the second and third lepton generation is enhanced, the
FN mechanism is not feasible to explain the large PMNS mixing angles. Instead, the
fundamental difference between the hierarchical CKM and the anarchic PMNS matrix
is attributed to neutrino-leptoquark interactions.

The patterns A% have to be rotated into their respective mass bases to account for
the CKM and PMNS mixing. These new matrices are defined as follows:

~ L ;Y
Yol ewnn
)\ul = Vu )\V1/2V2 ) )‘uu = Vu )\Vl/2VV T'

Since all relevant mixing matrices of Eq. (4.142)) are approximately diagonal, the general

)\L,R

structure of the leptoquark patterns remains unchanged when rotating from the
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symmetry into the fermion mass basis. We can henceforth assume A% ~ A with
one exception being A\l that receives large mixing from V;*. The magnitudes of the
mixing parameters in V,* can be derived from the experimentally observed PMNS
mixing matrix combined with our predictions for VZL . From

Upnns = VFVE o vE = Ul oV (4.144)
we infer
1 1 € et 8 &
VR~ 1|, A e e (4.145)
e 1 1 e 1

All of the obtained patterns are valid only up to O(1) coefficients, allowing us to estimate
the extent of tuning required to accommodate the observables Ri and R.). Including
the O(1) coefficients ay, the relevant coupling matrices read

age€®  ag et agre Aue€t  auu€®  ayred
XL __ 5 3 2 L 3 2 2
Mg = | Gse€® asue’  asre s Auy = | €’ acu€®  acre ) (4.146)
3
Ape€ apy € Qb Gte€ [ Qtr

By comparing with Eq. (4.130) we deduce

2
mvo

V2’
which is a perfect match with Rx data for my, ~ 1 TeV. On the other hand, the

measurement of R demands [Eq. (4.133)]

py sy == —(1.1£0.4) (4.147)

2

m
apral, — 0.2 ap,al, ~ (4.5+1.0) Te\V/g , (4.148)

which requires a little more fine-tuning that can be accommodated easily with couplings
mildly larger than 1.

Since the A\l couplings are slightly enhanced due to the large neutrino mixing, it is
suggestive to study up-type flavor transitions to make predictions for D meson decay
channels with dineutrino final states. Charm constraints are relatively weak compared
to those from the kaon sector, cf. Ref. [239].

In our framework, the most promising channel to search for BSM physics is DT — 7t vv,
governed by the couplings |\ AL | ~ ¢®, while predictions for other channels involving
charged lepton final states suffer more severe suppression to comply with K physics.

Generating Neutrino Masses

Like in the scalar leptoquark case, the AL = 2 coupling of the vector leptoquarks to
the SM Higgs boson generates Majorana neutrino masses at one-loop level as shown in
Fig. [4:9

The magnitude of the neutrino mass depends on the leptoquark mixing, governed by
the dimensionful parameter hy, and on the leptoquark couplings A%, Explicitly, the
contribution to the Majorana neutrino mass from Vy and V5 is given by [217]

, 3
Ml =15 > > miBo(0,m},mi)RjiRyo MG+ MEAE] (4149
71=1,2 k=u,c,t
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Figure 4.9: One-loop Majorana neutrino mass generated by Higgs-leptoquark mixing.

where my; is the mass of the leptoquark V; and my is the quark mass, while By denotes
the finite part of the Passarino-Veltman function. A few comments regarding the loop
regularization are in order. As seen, for instance, in the unitary gauge

—1
2 _ 2
k my,

lgw + IZ”L]%”] , (4.150)
the vector leptoquark propagator causes divergences that result in a bad UV behavior.
Analogous to the Higgs and the W* bosons in the SM, a heavy Higgs giving masses
to the leptoquarks can cancel these divergences. The details, however, depend on the
specific UV completion. An example where neutrino masses are mediated by a massive
gauge boson is given in Ref. [240]. Here, massive bosons emerge through the breaking of
aSU(3)c®SU(3)L ®U(1)x gauge group and the UV behavior is well defined. Another
example is shown in Ref. [241] for an SU(2)x extension of the SM, where the SU(2)
gauge bosons generate a nonzero neutrino mass.

The remaining infinities contained in the Passarino-Veltman function drop out when
summing over both leptoquarks like in the scalar leptoquark case. The function By,
therefore, takes into account only the finite part of the Passarino-Veltman integral.
Stringent constraints can arise if the UV completion does not entail additional particles
to cancel the divergences of the vector boson propagator. Such limits, e.g., from radiative
charged lepton decays [ — I'y, are studied in Ref. [214] based on the vector leptoquark
(3,1)9/3 in a U(2)® flavor model.

Using the leptoquark patterns discussed in Egs. (4.139) and (4.140)), we can estimate the
absolute neutrino mass scale generated by the leptoquark couplings. Since the patterns

are strongly hierarchical in terms of quark families, we consider only the dominating
top quark contribution to M},. Hence, we obtain

3 .
M}y ~ mysin2aABy X + AR AE] (4.151)

=a

with

ABy = By(0,m;,mi, ,) — Bo(0,mi, mi,), (4.152)
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and the neutrino mass eigenstates

my =0,  mYy—a zmmﬁ; B 08 (4.153)

with ¢ = e, u, 7. Since again one neutrino mass eigenstate is zero, the model predicts a
normal neutrino mass hierarchy with a small effective Majorana mass beyond the reach
of current Ov33 experiments.

Inserting Eqgs. (4.139)) and (4.140f) into Eq. (4.151)) yields

616 614 613

Mloxa-| et €2 €' |, and m§~a-el. (4.154)

Therefore, the factor a must be sufficiently small to push the neutrino mass scale below
eV, which is achieved by virtue of small leptoquark mixing. In the limit of small « the
parameter a can be approximated as

2
3 hyvgm my,
~ 1 2| 4.155
AT rCLL Am?, 8 l m%/O ( )
implying
hyv m‘z/
VM jog | —a2| <0.9x 1073 (4.156)
Amg, %

to make neutrino masses sufficiently light. The smallness of a can be attributed to
the smallness of the dimensionful coupling hy or a large mass splitting Am%/ of the
contributing leptoquarks. Possible solutions of Eq. are depicted in Fig. for
different powers of A% ~ €%, €10 and €'2. In Fig. we plot mj in terms of my, , for
Mt~ €19 and hy = 0.1,0.5, and 1 TeV, showing that light neutrino masses favor a large
leptoquark mass splitting with natural values of hy .

Since one neutrino mass eigenstate is exactly zero, one can solve the eigenvalue equation

MYvy = 0 with

1, —w,w
ol = (G ww) (4.157)
VI+w? +w?
to obtain analytical expressions for the neutrino mixing angles as a function of the
leptoquark couplings )\ﬁjR, assuming that the charged leptons are approximately diagonal
17). 1t is

AENE - NENL c23
w = ~ tig— + 13523, (4.158)
AENL, = MENG 13
f MM NN s (4.159)
MINE, — AN c13 ’

where s;; = sin6;;, ¢;; = cosb;;, and t;; = tan 6;;, with the PMNS angles 012, fl23, 013.
Hence, to explain the large PMNS mixing w and w’ both should be nonzero and sizable.
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2.0
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hy[TeV]

10 20 30 40 50
my, ,[TeV]

Figure 4.10: Allowed regions of the trilinear leptoquark-Higgs coupling hy and my, ,
requiring that the largest neutrino mass eigenstate m, < 0.3 eV and my;, ~ 1 TeV. The
three distinct regions correspond to different powers of the dominating coupling A ~ &

(red, dashed), €'9 (blue, solid) and €'? (yellow, dotted).

0.8

0.6]

m,[eV]

0.2

0.0

my, ,[TeV]

Figure 4.11: The largest neutrino mass as a function of my, ,, for my, =1 TeV, M~ 10

and hy =1 TeV (blue, solid), 0.5 TeV (red, dashed), and 0.1 TeV (yellow, dotted). The
horizontal, dashed line defines a conservative upper limit on the absolute neutrino mass

scale.



4.4 CONCLUSIONS

By evaluating w and w’ for Eqs. (4.139) and (4.140) we find that their values depend
heavily on the undetermined O(1) FN parameters

w— y31—y1362’ W — y21_?/12637 (4.160)
Y32 — Y23 Y32 — Y23

where the y;; denote products of O(1) coefficients from AE . Because of the possible
cancellation in the denominator, w and w’ can oscillate quickly with small changes of
the O(1) parameters, explaining also large neutrino mixing easily by permitting some
extent of tuning.

With many free O(1) FN parameters to match to only five physical observables (Am2, ,,
Am2,), 012, 613, Oa3), the system is underconstrained and has many viable solutions. On
condition that all coefficients in Eq. are approximately O(1), the benchmark

point

DY SRR R M~ 3.0e3,
A~ e, ML~ 2.16l, (4.161)
A~ 0.2, M~ —0.8€l0,

provides a good fit to neutrino oscillation data, yielding

Am2 . =25x1073eV2,  Am2, = 7.6 x1075eV?,

atm

912 - 33.30, 913 - 8.50, (923 - 42.00 . (4162)

The model parameter space can be confined further by extending the framework to
account for other BSM phenomena. This includes resonances in the diphoton channel,
such as the 750 GeV excess reported recently by CMS and ATLAS, which could forebode
novel leptoquark interactions. A model connecting the vector leptoquarks Vp and Vi 9
with the 750 GeV diphoton resonance is discussed in Sec.

It should be noted that the vector leptoquark setup cannot be considered complete as we
do not discuss the mechanism of mass generation for the vector leptoquarks. This could
for example be accomplished through the breaking of a larger gauge group under which
the vector leptoquarks are charged or by interpreting them as composite states [242].
Possible gauge groups that give rise to leptoquarks were discussed in Sec. [2.3:2

4.4 CONCLUSIONS

To address the recently reported anomalies in h — ut, Ri, and Rp.) we have con-
structed models based on extended Higgs sectors as well as leptoquark mediators.

We explain the h — p7 data using a 3SHDM with LFT, where strongly constrained
FCNCs are suppressed by virtue of a residual Z3 symmetry. A small breaking of this
symmetry can give rise to LF'V Higgs decays, occurring naturally in the model due to
SU(2) singlet scalars in the scalar potential. The sizable signal in h — p7 channel is
a consequence of the mixing between an SM-like Higgs and an exotic neutral scalar
accounting for the 2.4 o deviation from the SM. The model predicts large branching
fractions for h — ey and h — et as well, where the latter will be a decisive measurement
for its exclusion.

Although the multi-Higgs framework is an intuitive choice to explain the h — pur
anomaly, the solution is restricted by u — ey to a rather fine-tuned region in the
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parameter space. Only if the additional neutral scalars are light they can partly cancel
Higgs-loop contributions to [ — I, allowing for large flavor-violating Yukawa couplings.
The first searches in the h — er channel are consistent with the SM prediction and
support the updated results of h — p7 |73]. Furthermore, the absence of light exotic
scalars in the new LHC Run 2 data indicates that the initial excess is likely to be a
statistical fluctuation.

Charged scalars arising in multi-Higgs models are also potential candidates to explain the
observed deviation manifest in the ratio R ). We studied charged Higgs interactions
in 3HDMs with respect to the excess in B — D™ 7y decays for constraints on the
flavor-violating couplings and the charged Higgs masses. We find that the required
values are fine-tuned and in tension with experimental searches involving charged scalars.
Applying the popular discrete symmetries A4, Ss, and A(27) to the 3HDM scalar
potential does not provide further insight on the origin of such parameter values, and
instead disfavors them as an explanation for R ..

A more promising approach to solving the B meson flavor puzzle are leptoquark models.
Two scalar leptoquarks can generate neutrino masses at one-loop level and simultaneously
explain the anomalies in Rx and Rj.). This is possible if these leptoquarks mix weakly
with the SM Higgs boson to induce a AL = 2 effective Majorana mass term. We have
demonstrated this by constructing two models based on the scalar leptoquarks S; and
S1,2, and the vector leptoquarks Vp and Vj /9, respectively.

By exploiting an FN mechanism to modify the leptoquark couplings we have shown
that addressing several issues at the same time is entirely feasible and need not be
overly fine-tuned. Weak Higgs-leptoquark mixing will lead to naturally small neutrino
masses and protect the tightly constrained B decays from additional flavor-changing
|AB| = |AS| = 1 scalar and tensor operators. At the same time, the leptoquark couplings
to b and s quarks may still be strong enough to produce visible signals in B — Kll
decays, with leptoquark masses confined to the testable region 1 TeV < M < 50 TeV.
The vector leptoquark model can even provide the large O(1) couplings needed to
explain Rp.) without interfering with other rare decays. The total additional field
content includes no more than two leptoquarks and one SM singlet scalar. Only one
additional symmetry is required to shape the fermion mass matrices and leptoquark
couplings to comply with experimental data.

Our analysis shows that a mild mass hierarchy of the leptoquarks is favored to explain
the lightness of neutrino masses. In Sec. we explore how this prediction can be
combined with a potential excess in the diphoton channel, taking the 750 GeV resonance
as an example to confine the parameter space of leptoquark masses.
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Recently, the ATLAS and CMS collaborations reported an excess of events above the
expected background in the diphoton final state [74,75]. This was very promising as
both collaborations observed the excess at an invariant mass of about 750 GeV, and
with a local statistical significance of 3.9 0 (ATLAS) and 3.40 (CMS).

This diphoton resonance has generated much activity in the community, amounting to
more than 500 publications on the topic, including both model-independent studies of the
excess as well as interpretations of the resonance itself. The most popular explanations
are summarized in Ref. |78], reviewing the progress of the field since the announcement
of the excess.

Despite the resonance being just a statistical fluctuation, the diphoton final state can be
a powerful tool for NP searches thanks to its clear signature over the low background.
The Higgs discovery in 2012 in the same channel further emphasizes the importance of
this particular decay mode.

In this chapter we use the 750 GeV diphoton excess to explore different model inter-
pretations of diphoton resonances. To this end we tie the resonance to the model field
content and symmetries, exploiting it for unique predictions. Both frameworks presented
here fall into the everybody’s model category outlined in Sec. [I.2.4] although some
exceptional properties separate them from the standard scenario. In Sec. we extend
the S5 flavor model of Sec. to interpret the excess as the FN flavon, thereby linking
the origin of the fermion masses and mixings to the resonance scale. In Sec. [5.2] we
demonstrate how vector leptoquarks can naturally enhance the diphoton cross section
without a plethora of new particles or excessive fine-tuning. In both frameworks, the
diphoton resonance pinpoints where the NP is manifest in the model, setting the stage
for targeted experimental searches.

5.1 THE EXCESS IN LIGHT OF THE S3 FLAVOR SYMMETRY

The first analysis of the diphoton resonance is based on the S3 flavor model proposed in
Sec. which is modified to account for the reported excess at 750 GeV. To this end,
the fermion sector is extended with four exotic quarks with electric charge %, grouped
into two S3 doublets, i.e., T1, = (Ti1,T>1), Tr = (Tir, T2r). The exotic fields are color
charged and thereby enhance the production rate of the resonance through gluon fusion.
The decay rate into the diphoton final state is then further increased by their large
electric charge.

The present framework differs from the generic everybody’s model outlined in Sec. [1.2.4]
by the pattern of flavor symmetries shaping the Yukawa interactions. Charging the
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exotic quark fields under the Z14 symmetry ties them to the FN scale with the flavon x
acting as the scalar resonance at 750 GeV. This unique link between the flavor puzzle
and the diphoton channel allows for immediate testing of the flavor symmetry and the
involved exotic particles.

Since charged stable particles would interfere with early structure formation [243], the
model is supplemented with a charged scalar p™ that permits the exotic quarks to
decay into SM fermions. The assignments of the new fields to the symmetry groups
are summarized in Tab. The original particle content and the purpose of the
symmetries were specified in Tabs. [3.2] and 3.1]

Field SU(3)C SU(Q)L QEM 53 Z3 Z:/)’ Zl4

Ty, = (Tiz, Tor) 3 1 5/3 2 0 0 0
TR = (TlR,TgR) 3 1 5/3 2 0 0 1
1 1

T 1 1 0 O 0

p

Table 5.1: New particle content and assignments under the flavor symmetries to account
for the diphoton excess at 750 GeV.

The new particle content gives rise to the following Yukawa Lagrangian

B _ B B 3
f‘cg/ = yrTrtTrx + 5p63L¢2TR£XTg + ylpTLURpJF% + yZpTLURPJrC[\%
N _ +.3 N +.3
—|—€gg)§3L(;51U3RpX + Eé?@g[l(lﬁld?)l% AZ‘( + €§§)§3L¢2d2R Al
+5§g)§3L¢2UR£5)\3X +h.c., (5.1)
B + B _ 3 .+ _ - 3+
L = €§§)12L¢1V1R% +eWldilsn XAZ + eslordln XA/Z
+ ot +

+5ég)Z2L¢1V2R%+5gp1)Z3L¢1V1R +5;(z,g)Z3L¢1V2R% +h.c.,

A

where £{ and [,ly denote the quark and lepton interactions, respectively, omitting for
simplicity Yukawa interactions with p™ of dimension nine and higher.

q

Figure 5.1: Preferred decay chain for the detection of the exotic quarks 77, g at the
LHC (¢ = u,c,t). Being pair-produced, the heavy particles should result in an excess of
events in the dilepton opposite-sign final state, accompanied by six jets and missing
energy.
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Following Eq. , Ty, and Tk decay dominantly into up-type quarks and p*, which
in turn preferably decays into top and bottom quarks since the lepton decay channels
are either suppressed by )\6}{—22, or kinematically forbidden as M, > m,+. Conse-
quently, the top partners can be searched at the LHC through their decay channel
T2y = pTu(c) — thu(c) — Whbu(c) = 173 Fr, as depicted in Fig. Being pair
produced via gluon fusion (cf. Fig. , the exotic quarks should hence appear as an
excess of events in the dilepton opposite-sign final state.

Figure 5.2: Dominant production mechanism of the top partners 77, r at the LHC.

The Zy4 breaking scalar x attributed to the resonance is predominantly produced
via gluon fusion through triangular loop diagrams with 77 and T5. The scalar can
subsequently decay through the same loops into the diphoton final state, as depicted in
Fig. [5.3| The corresponding total cross section o, = o(pp — x — 77) is a function
of the gluon production rate I'(gg — x) and the consequent decay rate into photons

T(vy = x)

2

Oé2m3
T — K995 X |p 5.2
(gg } X) 327T31]>2< 1/2(xT) ) (5.2)
OéQmi 2 2
T = x) = —=25|NQHF 5.3
(77 X) 6473’())2( CQT I/Q(xT) ) ( )

where m, ~ 750 GeV denotes the resonance mass, x7 = 4m% / mi, mr = yrvy, and
K99 ~ 1.5 accounts for higher order QCD corrections. Fj/o(x) is the fermion loop
function contributing to A — ~y, which is used here to compute .. This loop function
is given by

2
Fio(z) = Qx[l +(1- ac)f(ﬂs)} . flz) = (arcsin 1/3:) (5.4)
with z7 > 1 < 4mp > m,. Finally, we obtain

> T(yy = X)T(99 = x) fog
8s mxrtot

Oy =0(pp = X = YY) = (5.5)

with I'tor as the total decay width of x, and the gluon luminosity function f44, evaluated
at /s = 13 TeV using MSTW2008 [244]

fuw= [ S fm2 /) =17, (56)

2
mx/s
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Figure 5.3: Complete process of production and decay of the scalar resonance y to
explain the observed signal in the diphoton final state.

a(pp->x-yy)Ifo]

Figure 5.4: Total cross section o(pp — x — 77) as a function of v, for different values
of the exotic quark Yukawa couplings yz7, ~ 0.5 (blue), 1 (red) and 1.5 (green), assuming
Vs = 13 TeV and a;(m,/2) ~ 0.1. The horizontal lines denote the experimentally

allowed limits of the original diphoton signal given by ATLAS and CMS, which amount
to 10 £ 3 fb and 6 & 3 fb, respectively.

where f; is the gluon distribution function.
We assume for simplicity unified and natural Yukawa couplings of the exotic quarks

y1; ~ 1, amounting to 0., ~ 8 tb with v, ~ 1.2 TeV. This is well within the limits given
by the ATLAS and CMS experiments [245]

oaTLAs =10£3fb,  ooms =6+3 fb. (5.7)

The total cross section is shown in Fig. @ as a function of v, for different values of the
exotic quark Yukawa couplings. The cross section depends crucially on the VEV v, as
well as on the Yukawa couplings, which if sizable can also enhance o significantly in
particular for lower v, values.

If we further require that o be within the experimental limits given by ATLAS and
CMS, we predict v, to be smaller than 2TeV, which on the one hand sets the Z14
breaking scale A < 10 TeV, and on the other hand forces the expected particle masses
of x and the exotic quarks T; into a testable region.
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5.2 DIPHOTON RESONANCE WITH VECTOR LEPTOQUARKS

A plethora of explanations has been considered by various authors since the announce-
ment of the excess until its dismissal, among them also leptoquark mediators. While
pure scalar leptoquark solutions face difficulties regarding unitarity, vector leptoquarks
can explain the signal rather elegantly thanks to a sizable loop factor. The beauty of
the vector leptoquark solution is that it does not come with numerous exotic fermions
to artificially enhance the diphoton decay mode. We demonstrate this using the vector
leptoquark model presented in Sec. and not only explain but also utilize the excess
to pin down the leptoquark masses.

The vector leptoquarks in our model can interact with the scalar resonance x through
the hypothetical interaction

—Lyy = kv XV V' +hee., (5.8)

where i = 0, % The scale of the dimensionful parameter sy, is thus far undetermined,
however bounded from above by unitarity constraints. The scale where the theory
breaks down can be roughly inferred from elastic V;,uVi’“ — VWV”‘ scattering, given
by /s ~ 4\/77m%,1, /1kv;| [228]. In the following we will assume natural TeV-scale values
for Ky, to comply with perturbative unitarity.

Figure 5.6: Diagrams contributing to T'(x — 7).

In the narrow width approximation, the total cross section 0., is a product of the x
production and its subsequent decay rate into two photons. x production from ¢g initial
states is possible, however, strongly suppressed either by small leptoquark couplings
[cf. Egs. and (4.140)] or small values of the parton distribution functions
at /s =13 TeV [245] (Tab. [L.3). The only partly competitive channel in terms of
luminosity, dd — x, is additionally suppressed compared to gluon fusion by a factor of
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|>\dLT 2 = 8 due to the FN symmetry. Hence, since x is predominantly produced via
gluon fusion we can compute o0, via Eq. (5.5)) with

2

a2m3 K99 | Ky, Fy(1v;)

rgg = F(X — gg) = 312é(7r3 Z ng : ) (59)
a’m? kv, NeQ3, Fi(Tv;) 2

Ty =T(X =) = 555 2o — 3 , (5.10)

where 7 = 0, % We furthermore approximate I'yo; ~ I'yy. Like in the previous analysis,
fgg = 2141.7, N, = 3 for the vector leptoquarks running in the loop and «; is the strong
coupling constant. Fy(7) denotes the loop factor for a spin-1 particle given by [168]

1
Fi(r) = = [272 + 37 + 3(27 — 1) arcsin® \ﬂ ; (5.11)

and 7y, = m3/(4mg,) < 1. The loop factor Fy(r) was originally computed in Ref. [167]
to account for the W* gauge boson contribution to the radiative decay h — v in the
SM. The unphysical degrees of freedom of the vector bosons can cause loop divergences
that have to be dealt with. These divergences were regularized using the nonlinear R
gauge [246], in which the vector-boson propagator reads

—1 -1k, k.,
kQZW‘Q/ [guu + M} . (5.12)

It is shown in Ref. [246] that all divergences cancel out separately in the vector-boson
and the Faddeev-Popov ghost sector, resulting in a finite and gauge-independent theory.
F(7) acquires large values for vector leptoquarks compared to scalar particles. Assuming
leptoquark masses ranging from ~ 0.8 to 50 TeV as dictated by Rg, R~ and the
B, — B, mixing phase, the loop factors remain near constant with

[Fi(7)] [Fi(7)]
| Fo(7)] ’Fl/Z(T)’

in the relevant mass region.

~ 20, ~ 5, (5.13)

Depending on the dimensionful couplings xy;, typical values of I'gq/m,, and I'y,/m, are
O(107*) and O(1079), respectively. In our setup, at the benchmark point v, = $my;,
my, = 1 TeV and my, , = 20 TeV we have

ﬁ:zm—‘*, h:8-10_7, Oy 4 b (5.14)
My My
Therefore, the estimated dijet cross section at 13 TeV is 4 pb, leading to a cross section
~ (.8 pb at 8 TeV. Currently the ATLAS and CMS collaborations do not provide dijet
limits at /s = 13 TeV for resonance masses below 1 TeV. The /s = 8 TeV ATLAS and
CMS analyses presented in Refs. [247,,248] set a limit of oj; < 1 pb for a 1 TeV resonance
coupling dominantly to gg. For a mass of 750 GeV the limit shown by ATLAS is of the
order of 10 pb. Hence within the interesting region of parameter space considered here,
the dijet limits are satisfied.
As Vy and Vj /o carry hypercharge, they necessarily decay via x — Zv and x — ZZ.
Limits on these final states from experimental collaborations already exist. Here we
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my, ,[TeV]

my,[TeV]

Figure 5.7: Parameter regions yielding 0., € (3,13) fb as measured by ATLAS and
CMS, where 0., is shown as a function of the leptoquark masses my;, and my, ,, for
different values of the dimensionful couplings xy, = %mvi (green, dashed) and %mvi
(blue, solid). The constraint with » = 0.28 from WW, ZZ and Z~ limits is

superimposed in red.

take a rather simplistic viewpoint and assess the viability of our scenario without
explicitly calculating the cross sections for Zv, and ZZ final states. This can be
done by estimating the ratios of y partial widths. The partial widths x — Zv and
X — ZZ are suppressed compared to I'y, by 2tan? Oy and tan Oy, respectively, and
existing bounds on these channels can be easily evaded. More importantly, Vo is an
SU(2) doublet with enhanced rates I'z, /Ty ~ 2/ tan? Oy, Iz /Ty &~ 1/ tan? 6. In
addition, the decay to two W bosons is possible as well with a strongly enhanced rate
Tww /Ty & 2/ sin? Oy [245]. The experimental limits are satisfied for

‘HV1/2| <rx kv |

: (5.15)
m%/1/2 m%/()

with r & 3.1 if the k couplings have the same sign and r ~ (.28 if they have opposite
signs. The difference arises due to constructive or destructive interference from the
contribution of SU(2) and U(1) coupling components to the decay widths. By using
this constraint we quantify the impact of diboson final-state limits in our analysis.
The width of x is dominated by the decay to gluons and is typically small, I'to; ~ I'gg =~
0.3 GeV. We make no attempt to explain a potentially large width as suggested by
ATLAS within this setup.
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Figure 5.8: Parameter regions yielding 0., € (3,13) fb as measured by ATLAS and
CMS. o, as a function of the effective parameters xy;m, / m%/z The lines denote values
of constant 0.~ in fb. The constraint Eq. with r = 0.28 (light shade) and r = 3.1
(dark shade) from WW, ZZ and Z~ limits is superimposed in red.

In the following we determine the allowed parameter ranges of xy; and my, to reproduce
the total cross sections measured by ATLAS and CMS in the diphoton channel near
750 GeV, cf. Eq. .

Taking into account that my;, ~ 1 TeV is needed to reproduce the R and Rp data, we
obtain the allowed parameter regions displayed in Figs. and as a function of the
dimensionful couplings v, and the leptoquark masses my;, respectively. The parameter
space favoring the diphoton cross section opens up notably if the second leptoquark is
much heavier, yielding a large Am%, that is also favored by neutrino mass generation.
Fig. shows o, in the range of 3 — 13 fb, for two different values of dimensionful
couplings ry;. The parameter space excluded by WW,ZZ, and Z~ searches is depicted
in red. This constraint is derived using Eq. . In Fig. only the more stringent
constraint, applicable if the x couplings have opposite signs, is shown; the case of same
sign exhibits no appreciable constraint.

In Fig. we depict 0,4 as a function of Ky;m, / m%/i. We fix the loop factor Fy(7) ~ 7,
after explicitly verifying that Fy(7) varies only by 3% in the relevant region of the
parameter space. The residual dependence on the masses from the loop function is hence
small and is ignored. As ky,m,/ m%/o and Ky, ,my/ m%/m increase, the corresponding
diphoton cross section increases and the observed excess can be explained with, e.g.,
nVOmX/ m%,o ~ 1 and Ky, /zmx/ m%/m < 0.8. The shaded red areas denote the parameter
space excluded by WW, ZZ and Z~ searches derived from Eq. . The darker shade
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o(pp— x—yy)[fb]

my,[TeV]

Figure 5.9: 0., as a function of my, for my,,, = 5 TeV (blue, solid), 10 TeV (red,
dashed), 50 TeV (yellow, dotted) with ky, = %mvi . The horizontal, dashed lines
correspond to the lower limit given by the ATLAS and CMS diphoton measurements.

applies in the case of same-sign s couplings resulting in the limits xy,m, / m%/[) > 0.2
and Ky, ,,my/ m%ﬁ/z < 1.2. The more constraining case of opposite-sign x couplings is
depicted in light red giving the limits /ivomx/m%/o 2 0.7 and /ﬁ/l/zmx/m%/l/2 <04

In Fig. we show the behavior of 0., in terms of my, for different choices of my, ,
with ky, = %mvi. The diphoton cross section decreases with large leptoquark masses
and a mass my, ~ 1 TeV is preferred in good agreement with the input from rare B
decays. For a given value of my, ,, the diphoton cross section requirement yields an
upper bound on my;. In the case my,,, = 50 TeV, my, > 1.1 TeV results in a too low
diphoton cross section, while my, ,, = 5 TeV requires my; < 1.5 TeV.

The benchmark point my, = 1 TeV, my,,, = 30 TeV, ry, = %mvi yields o ~ 4.0 fb
conforming to Eq. . Intriguingly, the combined results of neutrino mass generation
and the 750 GeV diphoton excess point to a similar region in the parameter space of
leptoquark masses. As shown in Fig. [5.10] the overlay of all constraints points at a light
leptoquark my;, ~ 1 TeV together with a heavy my, , 2 20 TeV, depending on the size
of the trilinear couplings sy, and hy.

By embedding the diphoton resonance in the leptoquark framework, we are able to
place upper bounds on the leptoquark masses that are more stringent than the limits
from the flavor sector or neutrino masses. This result shows that a full understanding
of the diphoton final state is vital for model predictions, i.e., future resonances in this
channel may prove crucial for distinguishing between the viable frameworks.

5.3 CONCLUSIONS

Future resonances in the diphoton channel can probe a variety of models. Inspired by
the 750 GeV excess, we have illustrated this using the model based on the discrete S3
flavor symmetry and the vector leptoquark model supplemented with the U(1)py.
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Figure 5.10: Fit results of the 750 GeV diphoton excess (yellow) superimposed with
constraints from neutrino mass generation (blue) in the leptoquark parameter space
for Ky, = 3my, and hy = 0.2 TeV (dotted), 0.5 TeV (dashed), 1TeV (solid). The
cyan overlay (dotted/dashed) denotes regions favored by low-energy B physics. The
constraints favor a combination of a light Vj and a heavy V; /o with my, ~ 1 TeV and
mv, 2 20 TeV, depending on the scale of the trilinear couplings kv, and hy. The

constraint ([5.15) with » = 0.28 from WW, ZZ and Z-~ limits is superimposed in red
excluding all my; > 1.5 TeV.

By introducing heavy exotic fermions charged under Z14 we connected the flavon of the
S3 model with the 750 GeV scalar resonance. The diphoton cross section then dictates
the size of the flavon VEV and consequently the exotic fermion masses as well as the
Z14 breaking scale. The NP scale should be no higher than 10 TeV implying that the
framework could be probed in the near future.

In the second model the vector leptoquarks couple to the resonance scalar, thereby natu-
rally enhancing the diphoton cross section. Here the resonance provides complementary
constraints to neutrino mass generation and confines the parameter space of leptoquark
masses. It is shown that my, ~ 1 TeV and my, , ~ 30 TeV fit the data well, whereas
my, > 1.5 TeV is excluded by diboson searches.

These results indicate that if the 750 GeV excess were not a statistical fluctuation it
could provide valuable input on the model parameters. Future signals in this channel
can therefore help to sift through the large number of flavor models.



SUMMARY AND CONCLUSIONS

Since the LHC started taking data in 2008, all measurements have been consistent with
the SM predictions, rapidly closing in on models with new physics at the electroweak
or even TeV scale. Despite this incredible success, some questions remain unclear. In
this thesis we attempted to tackle issues regarding the origin of flavor: the disparate
quark and lepton mixings, the hierarchies of the Yukawa couplings, and the source
of the neutrino masses. Besides these concerns, recent experiments uncovered several
anomalies hinting at a possible violation of lepton flavor and universality. These include
a signal in h — p7 decays and deviations in the ratios Rx and Rp.), which indicate
NP in the lepton sector. Motivated by the diverse measurements in the flavor sector,
we used model building as a means to find a possible common origin of the anomalies
and the flavor puzzle.

In Chapter 3 we constructed two models to unify the masses and mixings of the SM
fermions. Special features and predictions distinguish the frameworks from the many
flavor models existing in the literature. The first model utilizes the nonabelian S3
symmetry with two Higgs doublets to separate the interactions in the different fermion
sectors. The fermion mass hierarchies are explained with natural order one Yukawa
couplings thanks to a Z14 FN symmetry. Due to a special case of Yukawa alignment
the framework is free of FCNCs in the down-type and the charged lepton sector and
thus evades rare decay constraints effortlessly. However, the model can be probed with
searches for ¢t — cg and t — hc in the future, where sizable flavor violation is still
possible.

The second model is an extended SU(5) GUT supplemented with an A4 x U(1) flavor
symmetry, which attempts to address problems of grand unification as well as the flavor
puzzle simultaneously. The link between the flavor and the unification scale is achieved
by promoting the SU(5) adjoint representation 24 to the FN flavon. The model contains
several light scalars that should be observable in experiments, but due to the many free
parameters it is difficult to provide testable predictions.

Both models can accommodate the experimental data very well. However, the large
parameter space shows that it is challenging to find an elegant model accounting for
the discrepancy between the quark and lepton mixings.

In Chapter 4 we focused on the flavor anomalies and proposed three models based on
extended Higgs sectors and leptoquark mediators to explain the observables B(h — ut),
Rk, and Rp.). NP at the EW scale is necessary to generate the large signal in h — ur,
which can be provided by additional Higgs doublets. We explore a 3HDM and utilize the
Sy symmetry to relate the large leptonic mixing to the flavor-violating Higgs decays. The
allowed region where h — u7 and the constraints from u — ey can be accommodated
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at the same time is small and forces the additional scalar states to be in the region
of 200 — 300 GeV. This prediction is already in tension with experimental searches,
which will increase if evidence of NP remains absent in the accumulating LHC Run 2
data. Furthermore, large flavor violation is also expected in h — er in this framework,
which has not been reported yet by experiments. Although multi-Higgs models are an
intuitive approach to the anomaly, our solution is fine-tuned and supports the hint that
the excess might disappear in the near future.

Besides h — pu, also the anomaly in Rj.) could be attributed to charged Higgs bosons
arising in 3HDMs. We studied how the flavor symmetries A4, Sy, and A(27) shape the
charged scalar interactions with respect to b — ¢ and 7 — v couplings and concluded that
the large deviation reported in R (. cannot originate from flavor symmetries.

Two models based on the scalar leptoquarks S and Sj /9 and the vector leptoquarks Vg
and V7 /9, respectively, are viable alternatives to explain the B meson anomalies. Of all
the models formulated in this thesis, the vector leptoquark model is the most successful
in combining several phenomena with a small amount of field content and symmetries.
For the first time we were able to connect the anomalies R and R with the small
neutrino mass scale and the large PMNS mixing. An FN mechanism dictates sizable
leptoquark couplings to b — p and b — 7, while the weak leptoquark-Higgs mixing induces
naturally-small neutrino masses. This is possible if the leptoquark masses reside at
~ 1 TeV and 2 30 TeV, respectively, which implies that one leptoquark should manifest
in the LHC data soon.

The fact that the flavor problem can be tackled with such fundamentally different
frameworks makes testable predictions crucial. It is therefore imperative to study the
scalar phenomenology of each model extensively. An attractive channel to probe NP
scenarios is the diphoton final state because of its low background at the LHC. We find
that the h — vy channel places the most stringent bounds on the parameter space of
the S3 flavor model (Sec. [3.1)).

Other resonances in the diphoton channel can further constrain the parameter space
if they are linked to the model phenomenology. In chapter 5 we utilized the 750 GeV
diphoton excess reported in December 2015 to show how incorporating possible future
signals in this final state can increase the models’ predictivity. By extending the S3 and
the vector leptoquark flavor models to account for the resonance we were able to confine
the parameter space of the exotic field content. In the S5 model the FN flavon acted
as the scalar resonance and thereby connected the excess with the flavor symmetry
breaking scale and the exotic particle masses. The Z14 symmetry responsible for the
fermion masses and mixing patterns should be broken below 10 TeV to accommodate
the resonance at 750 GeV. In the second example, the vector leptoquarks enhanced the
diphoton signal through their dimensional coupling to the scalar resonance and their
large loop factor. By requiring that the vector leptoquarks reproduce the total cross
sections reported by ATLAS and CMS, we were able to pinpoint their masses.

In summary, it is possible to accommodate the different measurements in the flavor sector
with model building. However, finding a simple yet elegant framework is challenging
and leads to many solutions which vary in complexity and predictivity. The models
introducing NP at the TeV or even the EW scale will soon be put to the test by LHC
Run 2 data.



MEASUREMENTS AND SM PREDICTIONS

A.1 MASSES AND MIXING ANGLES

In this section we collect the experimental values of SM parameters referred to in the
models of this thesis. The quark, lepton, and neutrino masses are listed in Tabs.
and Information on the CKM and PMNS mixing angles can be found in Tabs.
A3l -

Mass Value Mass Value Mass Value
mg  0.002970:909%  m,  0.0014515-000% me  0.00051
ms  0.0577T3588  m. 0.635+0.086 m,  0.10565
my  2.82070:99 my 172140.64+0.9  m, 1.77686+0.00012

Table A.1: Experimental values of the fermion masses at the My scale in GeV [155].

Observable Am3,(10~%eV?) Am3,(1073eV?)

NH:  +2.52675:939

IH: —2.51870038
NH: 42413 — +2.645
IH: —2.634 — —2.406

Best fit (+10) 7.4970-12

3o 7.02 — 8.08

Table A.2: Neutrino mass squared splittings for normal and inverted hierarchy, respec-
tively. The values were taken from the newest NU-Fit 2.2 data [13].
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Observable sinfiy sinfy3  sinfi3 )

Best fit 0.2254 0.0413 0.00350 68°

Table A.3: Experimental values of the CKM mixing angles and the CP phase § obtained
from the NU-Fit 2.2 data [13].

Element Central + 30 Element Central + 3o Element Central £ 30
V| 0.97425+000022 Voa|  0.225297000100 [Via|  0.00868+300027
Vis|  0.2254270-00101 Vos|  0.9733910-00024 Vis| - 0.04107+ 550021
Vip|  0.0037110-35057 V| 0.0418010909%7 ‘th] 0.999127+0-60007

Table A.4: Experimental values of the CKM matrix elements. Each matrix element
is constrained by various channels independently, which are taken into account in the

global fit performed by CKMfitter [185].

Observable

SiIl2 912

sin2 023

Sin2 913

Best fit (+10)

30

NH:
IH:
NH:

0.3081 501

0.273 — 0.349

IH:

0.023
0.44075515

0.018
0.584 7625

0.388 — 0.630
0.398 — 0.634

NH: 0.0216310:00074
TH: 0.02175+0-00073
NH: 0.01938 — 0.02388

IH: 0.01950 — 0.02403

Table A.5: Leptonic mixing angles for normal and inverted hierarchy, respectively. The

values were taken from the newest NU-Fit 2.2 data [13].
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Type Experiments Dominant Important
Solar SNO 912 Amgoh 4913
Reactor long baseline KamLAND Amgol 012, 613

. . Daya-Bay, Reno 9
Reactor medium baseline 013 |Am |
Double-Chooz
Atmospheric SuperKamiokande a3 |Am2,.], 013

Accelerator v, disappearance Minos, NOvA, T2K |Am2, | Oo3

Accelerator v, appearance Minos, NOvA, T2K dcp 013, Oo3, :I:Amgtm

Table A.6: Overview of experiments that currently measure neutrino oscillation param-
eters and the observables they are sensitive to [13].
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A.2 RARE AND FORBIDDEN DECAY RATES

This appendix contains summary tables of the rare decay branching ratios relevant for
this thesis. These are separated into B meson ((A.7]), K meson ({A.8)), and lepton decays

(A.9).
Channel Bexp Bsm
b— sy (3.494+0.19) x 10~*  (3.364+0.23) x 1074
b — see (4.741.3) x 1076 (4.1540.70) x 1076
b — sup (4.34+1.3) x 1076 (4.1540.70) x 1076
B = up (3.9%1%) x 10710 (1.06 4+ 0.09) x 10710
BY = pup (28737 x107? (3.66 +0.23) x 1079
BY -1ty (1.1440.27) x 107* (0.7675:08) x 1074
Observable Experiment SM expectation
Rk 0.745%5:099 +0.036  1.0003 + 0.0001
Rp 0.388 + 0.047 0.300 + 0.010
Rp- 0.321 £ 0.021 0.252 + 0.005

Table A.7: Summary of current measurements in the B meson sector [6,(6[32}33}35H37,
40-43].



A.2 RARE AND FORBIDDEN DECAY RATES 141

Channel Bexp Bsm

K — pp (6.84+0.11) x 1077  ~ (6.6440.07) x 107
K — ee (8.7757) x 10712 ~9x 10712

K1 — pe < 4.7 x 10712

Kr — mue < 7.6x10711

Kp — mpue < 1.7x 10719

Kt —wrfufes <12x107H
Kt —wrnfu—et <52x10710

Table A.8: Overview of constraints on rare K decays at 90% C.L. The decays with
lepton flavor-violating final states are forbidden in the SM without massive neutrinos.
The measurements were taken from Ref. [6]

Channel Bexp

w— ey <5.7x10713
puN —eN <7.0x10713
U — eee <1.0x10712

T = ey <33x1078
T — Wy <4.4x1078
T — eee <2.7x1078
T — eup <1.7x1078
T — eel <1.8x1078
T— ppp <21 x1078

Table A.9: Summary of current limits on processes with CLFV [50}54,55,57,249].






TENSOR PRODUCT RULES

Here we append the group multiplication rules for A4 and S4 used in the models of Secs.

B2 and 411

B.1 MULTIPLICATION RULES OF Sy

The S4 product rules can be written as

33 = 1020303, 22 = 19102, 31 = 3,
I3 = 19243473, 203 = 3303, el = 3, (BI1)
33 = 1920393, 203 = 333, 201 = 2.

Explicitly, in the basis adopted in this thesis, which corresponds to Ref. , the tensor
products read

(A)s® (B)s
{A,B.} AyB:]
=(A-B)1 & ( :';_1]33 ) @ {AZB:C} & [AZBI] :
2 {AxBy} 3 Asz 3/
(A)s @ (B)a
{Asz} AyBZ]
= (A-B1 @ ( :';'%) a| {A.B.} | & [A:B] | (B2)
. . 2 {AIEBy} 3 [AJUB?J 3/
(A)s®@ (B)s
{A,B.} [AyB.]
= (A.B)1/@< _i‘ZZ;I.?»B ) ® {AiBz} ® [AiBz] :
2 {A:By} ), [AsBy] ) 4

(A)2® (B)2 = {A, By} @ [A,B,],, @ ( jygy ) ’ (B.3)
r=x 2



144 TENSOR PRODUCT RULES

By
4 ),°\ 5

z 3
(Az + Ay)B, (Az — Ay)B,
= (w2A$ -+ wAy)By S (W2Aac - WAy)By ’
2 2
(LL)A:C + w Ay)Bz 3 (WAJ: —Ww Ay)BZ 3/ (B4)
By
Ay
(4) o ( i
y
2 \ B/,
(Az + Ay)B, (Az — Ay) B,
=| (w4, +wA,)B, ® | (w4, —wAy)By, |
(wA; +w?Ay)B, " (wA; —w?A,)B, 3

with
A-B=A,B,+A,By+ A.B.,

{A;By} = AyBy + Ay By,
[AmBy] = Asz - Ame (B-5)
A -Y-B=A,B, +wA,B, +w?A,B,,
A% B = A,B, + w*A,B, +wA.B.,

2mwi/3

where w = e is a complex square root of unity.

B.2 MULTIPLICATION RULES OF Ay

The A4 multiplication rules are

33=3,¢3, 2101 ¢1",
(B.6)
1®1:1’ 1/®1I/:1, 1I®1/:1//, 1//®1//:1/7

where 3, and 3, define the symmetric and antisymmetric triplet combinations, re-
spectively. In terms of the two basis vectors (z1,y1, 21) and (z2,y2, 22), the Ay triplet
products read:

(83®3); = xiy1+xys + 23Y3,

(B®3);, = iy +wroys +wizsys,

(8®3)y = @iy +w’rays +wr3ys, (B.7)
(B3®3)3, = (w23 + 73Y2, T3y1 + T1Y3, T1Y2 + T2u1)

(B3®3)3, = (2ys — T3y2, T3y1 — T1Y3, T1Y2 — T241) ,

. 2
with w = €' .



MODEL DETAILS

C.1 PHENOMENOLOGY OF THE S3 FLAVOR MODEL

This appendix contains the detailed computations of the neutrino masses and the PMNS
mixing matrix (C.1.1)). We also give the loop expressions used in the analysis of the
scalar sector, including the rare top decays induced by the exotic scalars and
the T and S parameters . App. deals with the minimization of the scalar
potential and the VEV alignment.

c.1.1 Neutrino Sector

In this model, the light neutrino mass eigenstates are obtained from a 5 x 5 dimensional
neutrino mass matrix that follows from Eq. (3.10)). In the seesaw mechanism type I the
light neutrino mass scale is a consequence of the suppression by the heavy Majorana

masses, so that

M,, = MPM;! (MD)T

with

W2_

and

Y2_

T MZ,—AMiMy  MZ,—AM:iM;
B E 12 4My
C D M122—4M1M2 M122—4M1M2

A F 40y 2Mi2 (A B C)

F E D

(C.1)

w2 WX cosep WY cos(p— o)
WX cosyp X2 XY cosp ,
WY cos(p—p) XYcosp Y2

4( My A2— My AF+ M, F?) WX — 2BFMiy—2ABM,—2FEM +AEMs)
M2, —4M; My ’ - (M32,—4M1 M3) cos ¢ )

4( My B2— M2 BE+ M) E?) Yy — 2BDMiy—2BOM,+CEMy—2DEM,)
MZ,—4M1 Ms ) - (M3Z,—4M1 M3) cos ¢ ’

4(M2C?—M15CD+M, D?) WY = 2(CFMi>—2ACM,—2FDM,+ADM»)
M12274M1M2 ) (M12274M1M2) cos(p—0o) ’

F )\35511)% )\35(1’) v2
E|=| )% u | (C.2)
D 5(”)1}71 e vs

31 /3 33 /2

QW
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For simplicity we set ¢ = p and k = cos ¢, resulting in

w2 kWX WY
M, =| kWX X% kXY |. (C.3)
WY kXY Y2

A matrix with this structure can be diagonalized with a rotation matrix V,,, which for
NH is given by

Y w ; W
~ T ey Sit 0, ey CO8 0,
VVN H_— 0 cos 0, —sinf, ,
W Y : Y
\/W2+Y2 VW21y?2 sin ‘9’/ VIW21y?2 COS 01’ (04)
2
. m3 — X
with  tanf, = —\/ —5——,
X% —mo
while for IH it is
W Y - Y
SryE T vweye S 0, Ty €08 0,
IH ;
V," = 0 cos 0, —sind, ,
Y W : W
Ve vivegve Sy sy costy (C.5)

[me — X2
with tan6, = — T(Zi .
—my

Finally, the corresponding two nonvanishing neutrino masses in these cases are

My

1
-1 (W2 + X2 Y22 - X2 4 v2)? - ak2XE (W2 Y2)> ()

The smallness of the active neutrinos masses is a consequence of their scaling with
the inverse of the large Majorana neutrino masses, as expected from the type I seesaw
mechanism.

The PMNS matrix now follows directly from Vpying = VfVl, using Eq. , and Egs.

(C.4) and (C.5) for NH and IH, respectively,

_ Y WSQU WCQV
VIWZ+Y?2 VIW24Y?2 VIWZ+Y?2
Wsel YSQZSQV chusgl

s et pmna mnes s | (NH)
chl YCGZSGV e s o S0 4 YCGZCBV

VWIEYZ  ywegy? | O 2000, T e

Vpmng = . (C.7)

_w __Yse, __Yco,

VW24Y2 VW24+Y?2 VW?2+Y?
Ysg Wsg, se Wsg, co

L v°b 1%0v

Ve 0 T pmy Uxenys - Coso (IH)
YCel Wse,/cel e s S0 50 + chlc(,,j

VWIHYZ  Vwrgy? o SOt 2000 T gnana

By comparing with the standard parametrization we can derive the mixing angles for
NH and IH, shown in Eqgs. (3.26)) and (3.27)).
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C.1.2  Loop-Induced Top Quark Decays

The loop-induced top quark decays studied in Sec. [3.1.3] were calculated using the loop
factors provided in Ref. [163]. For completeness, the analytic expressions for the decay
rates are summarized in this appendix.

The radiative decays t — ¢V (V =, Z, g) can be expressed in terms of the form factors
AV) BV) ¢V) D) Each form factor F = A, B,C, D in turn contains a sum of five
different contributions

FY =R 1 FY 4+ FY 4+ B+ FY) (C.8)

where the lower index denotes the contributing scalar (C' for ”charged” and M for
"mixed” h-A contributions), and the upper index corresponds to the outgoing gauge
boson.

In this notation the decay rates are given by

1 1
I'(t—cy)= (16722 87

1 1 MZ\ [(m}
It = ¢2) = 6,22 16mm; <1‘mg) <Mg‘
x [(m} +2M3) (JAZ2 + |B??) — 6M3(A%*C% - B#*D?)  (C.10)
M2
+ M3 <mt§ + 2> (|OZy2 + DZ|2)] ,

1 1 N2-1
(1672)2 87 2N

(Ic7?+1D7P) (C.9)

I'(t—cg)=

(IcoP + D) - (C.11)

The reader is referred to Ref. [163] for the complete expressions of each form factor
r).

C.1.3  Loop Expressions for the T and S Parameters

This section deals with the technical details of the T" and S parameter analysis. To
emphasize the contributions arising from new physics, the T and S are split into
T =Tgm + AT and S = Sqv + AS, where Tgy and Sy are the SM contributions given
by

3 m2
T = — 1 h C.12
SM 167 cos? Oy . (m%) ’ ( )

1 m3
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while AT and AS contain all the contributions involving the exotic heavy scalars

2 (0 _ 2
AT:_SCOS (c 6)ln<mHo>

167 cos? Oy mi
1 2 2 2

+ 167T2U2QEM(MZ) I:mHi - F (on, mHi):| (C 14)
sin” (a — f) 2, 2 2 2 .

+ 167T2U2aEM(Mz) [F (mh, on> —F (mh,mHi)}
cos” (a — ) 2 2 2 2

167202 o (Mz) [F (mHO,mAO) - (mHO’mHi)} 7
AS ~ L [0052 (a—p)In <m§{0> +sin? (a — B) K (m% m2o m?{i)
127 mj, (C.15)
+ cos® (a— B) K (mzo,mio,m%{i)} ;
with the functions [250]

F 2 2\ __ m%m% 1 m% li F 2 2\ __ 2 C 16
(m17m2> —w n m*% ) e <m17m2> =my, (C.16)
K( 2 2 2) 1 4(3 2 2)1 m3

mi,ms,ms) = —5——s—=qmi (3m5—m7)In | —
1, 1102, 1103 (m% _ m%) 3 1 2 1 m?’,
2
4(3m2 _ m2 ma (C.17)
— my (3m7 —m3 ) In ()
( Jin{
1
~ 5 [27m%m% (m% - m%) +5 (mg — m?)} } ,
and the properties
m}gan K(m%,m%,m%) = Kl(m%>m§) )
dim K (mi,m3,m3) = Ka(mi,m3) (C.18)
m}gnt K(m%v m%? m%) = KQ(mgv m%) )
where )
m
() =1a (25)
m3
1
Kg(m%, mg) =53 (—5m? + 27m411m§ — 27m%m§ (C.19)
6 (my —m3)
2
6 (m — 3mim2)In [ =L | +5m§ | .
+ (ml mlmg) n (m% + omg

The corresponding Feynman diagrams contributing to AT and AS are shown in Figs.

and respectively.
Cc.1.4  Decoupling and Ss VEVs

The full symmetry is broken in two subsequent steps taking place at different energy
scales. The respective SU(2) singlet scalars inducing the breaking of the flavor symmetry
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H° HY

W w3 w3 W
- HZ ,,,,,
HO H!

wt ;': wt wi wt
- A o

Figure C.1: One-loop Feynman diagrams contributing to the T' parameter. The fields
H' and H? are linear combinations of the charged Higgses HT, similarly to how the
W# gauge bosons are defined in terms of W' and W?2. Likewise, the fields 7! and 72

are linear combinations of the charged Goldstone bosons 7.
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1 Hl
NNANNNNNN AVAVAVAVAVAVAVAV] [AVAVAVAVAVAVAVAY! AVAVAVAVAVAVAVAV:
w3 B w3 B
_2 . H} _____
70 HO
NNANNNNNN AVAVAVAVAVAVAVAV] [AVAVAVAVAVAVAVAY! AVAVAVAVAVAVAVAV:
w3 B W3 B
' w0

Figure C.2: One-loop Feynman diagrams contributing to the S parameter. The fields
H' and H? are linear combinations of the charged Higgses H*.

are assumed to acquire VEVs much larger than the EW breaking scale. According to
the method of recursive expansion [251], the mixing between the scalar SU(2) singlets
and doublets is of the order of 11\1—/\2 with vy 9 ~ O(100 GeV) and A > Agw. Since the
mixing is strongly suppressed by the new breaking scale A, the singlet scalars effectively
decouple from the Higgs doublets and are therefore negligible in the analysis of the
low-energy scalar potential. We also checked numerically that the masses of the SU(2)
doublet scalars are nearly unaffected by SM singlet VEVs of O(500 GeV) and higher.
For simplicity we assume a CP invariant scalar potential with only real couplings. In
the regime where the VEVs decouple, the relevant terms for determining the direction
of the ¢ VEV in the S3-space are

V(E) = —12(66)1 + e (626 + e (61 (€)1 + wea(E)2(66) + e [(66)g €15 &
(C.20)
From the minimization conditions of the high-energy scalar potential, we find the
following relations:

9 (V)
8’051
o (V)
Ovg,

= 2ug, [Mg + 2 (kg1 + ke + Ke3) (vgl + vé)} + 373 <v§2 — vgl) =0,
(C.21)
= 2ug, { [ug + 2 (ke + Keo + Ke3) (vgl + véﬂ + 375731151} =0.
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The analysis of the minimization equations yields for a large range of the parameter
space the following VEV direction for &:

(&) = ve (1.0) - (C.22)

Inserting the vacuum configuration (C.22)) into Eq. (C.21)), we find the relation between
the parameters and the magnitude of the VEV

v

u% = —55 2 (kg1 + Feo + Kes) ve — 37e3] (C.23)

which can be fulfilled in a large region of the parameter space. These results shows that
the VEV direction for the S3 doublet £ in Eq. (3.3]) is consistent with a global minimum
of the scalar potential of our model.

C.2 FERMION MASSES AND MIXINGS IN SU(5)

This appendix deals with the details of the SU(5) GUT model presented in Sec. [3.2]
starting with the complete expressions for the fermion Yukawa interactions (App. |C.2.1)),
followed by discussions of the scalar sector (App. , and the CKM mixing (App.
C2.3).
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c.2.1  Yukawa Lagrangian

The particle content and symmetry assignments listed in Tab. [3.7] lead to the following
Yukawa interactions:

Lo = Ao (4'S:) | Np+ MyNpNj + hee.,

i _ %1 2522 " i (g (1) | @2 Z{“Zﬁc " i i(1) g (2)
EY“k_A< A ) (W), R (TRt ) (v,

<2z2k> 5
(W)

o = g p{ ‘I’ p z(j) (C.24)
s (T ) v o () e e
+ 723 ( = ) I(cl) + 732 (2?/\2%)%2 TZ(?)Hp4)T1(3)
+ 713 <2m2n ) ,(j) + 31 (Z?AE%):EM \YE?)H;@T;S)
o (M) w§§>H;3>w,a%> o (B) e
dl

where £5,,, £, and LY, correspond to the neutrino, down-type, and up-type quark
Yukawa terms, respectively. Since the down-type quarks and charged leptons are in the
same SU (5) multiplets, the E%k Lagrangian also generates the charged lepton masses.
The projection of the triplets on the corresponding singlet is denoted by the subscripts
1,1’,1”. The dimensionless couplings «;, 8; and ;5 (i,j = 1,2,3) are O(1) parameters.
And finally, the Froggatt-Nielsen charges fulfill the following relations:

a; = Qf +Q¥+Qf +@°, i = Qf +QV+Q%+Q",

my = e =QF+QY+Q5 . am = Q+Qi 4@y, .
_ —_ Y ¥ (2) _ Y ¥ (2) (C.25)

x13 T31 Q1 +Q3 +Q5 ) €22 Qz +Q2 +Q5 )

v = ep=QF +Q¥+Qy,  zu = QF+Qf+qQY

Since the scalar S participates only in neutrino interactions, we choose for its FN charge

QS = - (C.26)

to cancel the lepton charge separating the neutrino masses from the FN mechanism.
To relate the quark masses with the quark mixing parameters, we set:

kel 1502 Acur
TOA2 T 2A2 T A

=\ (C.27)

where A = 0.225 corresponds to Wolfenstein parameter of the CKM matrix.
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C.2.2  Scalar Sector

We consider the following VEV patterns of the scalars fields in the model. The VEV
alignment known to break SU(5) down to the SM group is [252]

i . 3 3 o
<Z]> = Ux dlag <17 17 17 _5) _2) ) ] = 17 27374’ 5. (028)
The fields H® (h = 1,2,3,4) and ® then induce the EW symmetry breaking by
acquiring the VEVs [127,253]

<H'(h)> = vjdis,

()

D) = vo=—5(Pi5) , p = 1,2,3,5, (C.29)
) = vq,(5;—4535;¥), i,j = 1,2,3,4,5.

Since the Zs symmetry is unbroken, the VEV of the A4 triplet S must vanish
vl =0, i=1,2,3. (C.30)
The A4 potential is minimized by the following alignments of x and &:

_ O S

Note that the flavons are aligned in different directions of the group space to generate
the mismatch between the neutrino and the charged lepton mixings, required by the
large PMNS mixing angles. The vacuum (§) preserves a Z3 subgroup of A4, which has
been extensively studied by many authors (see, e.g., Refs. [90}254L255] or Sec. for a
detailed study of the Z3 subgroup).

Finally, to induce the breaking shown in Eq. , the VEVs of the scalars fulfill the
hierarchy

Apw ~ v, vp K Uy K Vg, Vg ~ Agur. (C.32)

Because of the many uncorrelated parameters, the scalar potential can be adjusted to
yield the required pattern of scalar masses evading experimental searches. Therefore,
also the loop effects of the heavy scalars to certain observables can be suppressed by an
appropriate choice of parameters. Fortunately, all these adjustments do not affect the
charged fermion and neutrino sector, which is completely controlled by the fermion-Higgs
Yukawa couplings and the combinations of U(1)s FN charges. Since the model is not
predictive in the scalar sector, the full expression for the scalar potential is omitted
from this section. A complete study of the scalar sector, also with respect to possible
dark matter candidates, is reserved for a future publication.

c.2.3 CKM matriz

As demonstrated in Sec. [3.2.2] the CKM matrix is solely determined by the up-quark
sector. It can be shown that
y)\lo ngeiTU b3
My =my | fA%77  arteio(H7)  e)2eio (C.33)
bA3 cA\?eto de®
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is an appropriate structure to reproduce the CKM elements as well as J and the CP
phase 0, where y, a, b, ¢, d and f are O(1) parameters. This structure can be obtained
by setting the FN charges to

rn = 10, =z = 9, w113 = 3,
C.34
xo3 = 2, x2 = 4, w3z = 0, (C:34)
and assuming
4 v 1 .o
vg) ~ vg) ~ 1)5{) ~ 7 |Yij| ~ 1 bI= 1,2,3. (C.35)
Consequently, we obtain
1 b2A6  beAPeT0 bdA3eTi0
—sMyMj; = | bedSeid 2\ cd)\? (C.36)
i bdN3e”  cdN? a2
A\L8 (f2 + y2)\2) f/\13 (e—z‘my/\ﬁ + ae—ia) AL (by)\Q 4+ ceicr(T—l)f)
[ A3 (eTyN0 + ae®) A8 (f2A10 4 a?) €T\ (bf XS + ac) ;
byA'® + ce (=D FATL =107\ (hFAS + ac) A (2 +b%22)

where the first term is the leading order contribution to MUM,TJ, while the second one
is crucial to generate the up and charm quark masses.

Since Vekwm is determined only by Vi, another expression can be used to relate Eq.
(C.36) directly to the CKM matrix

MUM[T] = VgKMdiag (mz, m2, m?) Vexku

Vial* ViiVis ViVas (C.37)
~mi | ViVia Vs> ViV | .
ViVia ViVie |Vi)?

where Vi4(q = d, s,b) denote the respective elements of the CKM matrix.
By using the Wolfenstein parameterization of the CKM matrix [86]

2 .
1-2 A . WA3(p —in)
WX (1—p—in) —WA 1
with
A 0.22535 +0.00065, W = 0.81179:022 (C.39)
5 = 0.13110:02 m o= 034570011, '
and

2?2 A2

we can connect the model parameters with the experimental observables.
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As a result, we obtain for

My M, ~
W2XE [+ (p—1)%] W2N5(—in+p—1) WX(in—p+1) (C.41)
m? WQ/\5(’i77+p— 1) W2\ —W A2 )
WX (—in—p+1) —WA* !

Comparing Eqgs. (C.36]) and (C.41)), we find the following relations:

bWy +(p—1)2, ¢~-W, d~1, Uzarctan<—1ip>. (C.42)

Since d ~ 1, the quark mixing in our model is described by the effective dimensionless
parameters b, ¢, o, 7 and A\, where the latter is fixed by the ratio of the grand unification
scale Agyr and the cutoff A of our model.

We fit the remaining O(1) parameters in Eq. (C.33) to reproduce the up-type quark
mass spectrum and quark mixing parameters. The results are shown in Tab. for
the best-fit values

y=02 f=039, a=026, 7=29. (C.43)

C.3 DETAILS OF THE Sy TRIALITY MODEL

In this appendix we discuss the technical details of the Sy flavor model with LFT,
including a comprehensive study of the quark masses and mixings (App. [C.3.1)), the
consequences of the Z3 breaking (App. , and the computation of the radiative

decays (App. |C.3.4). A complete overview of the model content can be found in Tab.

c.3.1 Quark Masses and Mixings

Following from Tab. the relevant Sy ® Z§ ® Zg @ Z19 -invariant Yukawa terms for
the up-type quark sector are

() o, 2

—£) = 4" [Qaly tr + 2@ [dply tr + 2t [Q6ly tr g + 2=Q[o¢]y th
() 2
+ 317 [Q0ly erke + B-Q o0y en + 17 [Q0]; crty + 2-Q[oply cr
2

O
+ 3/2 Q [¢P]3/ URF

C.44
N ol 02 (C.44)
0 [Q¢]1“Rﬁ+yl [Q¢]3 uR A3

2

Q (OF]
+ xl [Q¢]3/ UR L+ $2 Q [¢<P]3/ UR = A3 )
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Field SU(Q)L 54 Z2 Zé Zé/ Z6 Zlg

L=(LeLyL;) 2 &
TR 1 1 3
lr = (eRr, 1R) 1 2 5
Nip 1 11
Nop 1 1 1 1
Q= (Q1,Q2,Q3) 2 3’ 1
UR 1 1 6
CR 1 1
tr 1 1
dr 1 1 3 6
SR 1 1 3
br 1 1 3
¢ = (o1, P2, ¢3) 2 3
m 1 1 1
w1 1 1
X 1 3 1
& 1 3 1
o 1 3 1 1
¢ 1 3 1 1
0 1 3 1
%) 1 3 1
(@)1 1 1 3
(D) 1 1 1 2
Q3 1 1 1

Table C.1: The complete particle content and symmetries used in the model. The empty
entries denote uncharged fields.
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and for the down-type quarks

—£) =y Qo] bRQg+(Q[¢p]3, bt + ol Qe
H%Q (el bnSs +ot” [Qaly s Rm+(b)cz[¢p]3, R(Af
) [Qal, 5390/8%;”5)@[@3, SR(/; G [nghdRQ[%;?% (C.45)
+21” [Q0ly dn QA? 4 Q0L dRQi?g

R ile BT 0208
A16 3 —|—;pg )Q (] dR%'

s003

+ 951 [Q¢]

Then the quark mass matrices shown in Eq. (4.29)) satisfy the following relation:

Xq quwaq quiebq
MM = | Ve U, Vel (C.46)
}/(16_7’91"1 qu—zecq Uq

where Xy, Y, V, and U, are real parameters and
Oag = O14 + 02, Opg = 019 — O2q - (C.47)

For the sake of simplicity we assume 0., = 0y4 — 044, so that the relevant physical part
of the quark mass matrices can be rewritten as follows:

X
. = Y

K

MM} = P,J,Pl, P, = diag(1,e ", e ") (C.48)

ST

The matrix J; corresponds to a modification of the Fukuyama-Nishiura texture proposed
in [154] and is diagonalized by an orthogonal matrix R, as follows:

Cq Sq 0
T . 2 2 2 _ 8¢ S _ 1
RyJ, R, = dzag( Mg, s Mgy, Mg, ) R, = \Z§ \Zi i/5 ) (C.49)
_2aq ~=4q_ 1
V2 V2 V2
where
m2 — X m2 + X,
Cq _ 2‘12 2(] , Sq e 72 5 (C50)
Mg, +mg, Mg, +mg,

with the quark masses

<U+V+X V(X Uy = V)? +8Y2>

(U +V,+ X, +\/X U, — V) +8Y2> (C.51)
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Furthermore, for the CKM matrix we obtain

T
Vekm = Oy PupOp (C.52)
cyep + %sUsD e 4 et)  cysp — %SUCD e 4 eie %SU el — ete
= | sycp— %CUSD e 4 e?)  sysp 4+ %CUCD eV 4 eie %CU P — ,
%SD (em - eig) %CD (eig o em) % (em + eig)

where PUD == P(JBPD == diag (1, 6“9, 62'9), with ¢ = GaU — QQD and 0 = QbU — ebD-
Using the values of the quark masses at the My scale shown in Table [A T and varying
the parameters Xy p, ¥ and ¢ we fit the magnitudes of the CKM matrix elements, the

CP-violating phase and the Jarlskog invariant J to the experimental values shown in
Table

Observable Model value  Experiment (£10)

V| 0.974 0.97425+0:00022
Vil 0225 0.22542 1000007
V| 0.00351 0.00371+5:00027
Vil 0225 0.2252970.00600
Vel 0973 0.97339" 000054
V| 0.0412 0.041805:00097
Vi 0.00867 0.00868+0:00027
Vi|  0.0404 0.04107+5:000%4
V| 0.999 0.9991275:90007

J  295x107°  (2.9675920) x 1075
5 69.2° 68°

Table C.2: Model values and the corresponding measurements of the up-type quark
masses and CKM parameters at the My scale. The experimental values were taken
from Refs. [6,/155].

For the values
Xy =290x%x103GeV?, 9 =87.9°,

Xp =1.38x10"%GeV?, 0=92.6°,

the obtained magnitudes of the CKM matrix elements, the CP-violating phase and the
Jarlskog invariant are in excellent agreement with the experimental data.

(C.53)

C.3.2 Zs3 Breaking

In this section we append the full expressions used to determine the consequences of
the perturbed VEV alignment. After Z3 breaking the new mixing angle ¥ between the
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CP-even neutral scalars can be expressed in terms of the scalar masses my, ~ 125 GeV
and Mo =My

tan 29 = with

ol

A = sp{co[dm2m3is3(2 — Ts3) + 4mj (4 + 4s5 — Tsy)

— 8m(2 — 553 + 3s4)] — 4V2sp[4m], (2 — 353 + 57)

+m2mi (2 — Ts + 4sg) +mi(6 — 1953 + 15s3)]}, (C.54)
B =2m2mj (4 — 1655 + 175§ + 4V2cqs) — Ts))

+mp (=1 +282) (4 + 452 — Tsp + 4V 2cgs9(—2 + 52))

+mi(—4 + 1283 — 11s§ + 55§ — 2v/2cgsg(4 — 1455 + 13s3)) .

The PMNS matrix receives corrections caused by the perturbation of the VEV alignment.
These are approximately given by

ip— 297

Cy € 3 Sy e% G_TCw + e i¢3w
V3 \43 V3 V3 V3
; 17T ; 17T .
U =~ cp €M sy W eEey LY (C.55)
V3 \V/3 V3 V3 V3
oy sy 1 cyp 4 sy
V3 V3 V3 V3 V3
- 2. + 81¢+ 37\' Sw + 61¢S¢, - 1 _ eleTﬂ- _(6 W+1)C¢ - \/7 Z¢8
3 VG V6 6 V6 NGl ¥
i} igp—<LT 2im —2im
+ ) €5y e 3 sy _L+e3 e 3¢y Sy
V6 NG V6 V6 V6
ip— 24T i+ 24T _ 2in pits )
26 € Sy € Sy e 3+63 _Cl_|_ 2_Z¢S
3% /6 V6 V6 V6 V6 ¥

%\/gcw—i\/gew#?sw %\/36_% i\/g Q?Cw—k \fe “bsw
. i 24T 24T
+ 0 %\/?:e“b_Tslp—f\fcq/, —%\/?:eT —i\/ge_* ¢—Z\fe Z¢s¢ )
0 0 0

whereas the deviations in the mixing angles caused by the perturbation 6 are accounted
for by

362 2 1 /202 6 1)?
sin?fp = ( N 2f * ) + (—g\/gﬁ 26 ﬁ)
f(0,9,0) ’
V302 9 1 V362 \[
sin 913 = (( 3 2\/6 2\/5 4 0+ — SypCo
302 9 1 V362 2 1 ’
P S A
V302 1 /3 1 1 V362 2
sin?fy; = (( 8 _5\/g9_ﬁ) cw+(%— 4 )ch‘ﬁ)
f(60,v,9)
2 2 2
(G D P

f(0,9,9) ’
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with

2 2 2
f(eaw7¢):_{<3§_2f@_;> Cy — (\/ie_\/z0+\}§> 8¢S¢}

V302 01 V30: 21 ?
—{(— 3 —2\/6—2\/§>C¢+<4— 39+\/§>8¢,C¢} +1.

c.3.3 Limits from h — ~~

(C.57)

In the spirit of Sec. where a thorough analysis of the scalar sector was crucial to
exclude large parts of the parameter space, we perform a study of the h — v channel
in the present framework.

As shown in the previous section, small Z3 breaking perturbations allow to successfully
accommodate the experimental CMS data on the h — ur excess. Consequently and
in order to make definite predictions, it is reasonable to neglect these perturbations in
the computation of the Higgs diphoton decay rate. Here, the h — 7 decay receives
additional contributions from loops with charged scalars ¢(ia7b) resulting in a potential
diphoton excess, cf. Fig. in Sec. The T'(h — ~7) decay rate as well as the loop
expressions coincide with those given in Eqgs. and . The relevant trilinear
coupling entering I'(h — ) is

Ah¢§¢§:§(3a+2ﬁ—fy—5)vz—, s =a,b. (C.58)
The ratio R, defined in Eq. (3.58) is compared with the respective measurements
from CMS and ATLAS, Eq. (3.59)), to limit the charged scalar masses.

Fig. @ shows the sensitivity of the ratio R, under variations of the charged Higgs
IMAasses 1+ (s = a,b), between 200 GeV and 1 TeV. Requiring that the h — -~ signal
stays within the range 1.14 < R,y < 1.17 (the central values of the recent CMS and
ATLAS results, respectively), yields the bound 200 GeVS m o, < 205 GeV for the

charged Higgs boson masses. However, considering the large expérimental errors of the
measurements, the masses are barely constrained at all by the h — ~+ rate. This is due
to the fact that the diphoton cross section is dominated by the SM particles, which
behave SM-like in the unbroken Z3 limit. A back-reaction of the Z3 breaking on the
quark sector could possibly modify the top quark coupling and thereby cause deviations
from the measured h — v rate. A thorough study of the quark sector is, however,
beyond the scope of this work.

c.3.4  Computation of the Radiative Decays | — 'y

The radiative decays [ — I’y provide the strongest bounds on flavor-violating Yukawa,
couplings in our model, therefore it is imperative to compute these decays with reasonable
precision. The branching ratio of [ — I’y can be written as
5
_ TIAEM™Y

B(l—1'y) = =t (lecl? +lerl?) , (C.59)
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1.20

200 400 600 800 1000
m¢,§b[GeV]
Figure C.3: The ratio R,, is shown as a function of m ot (s = a,b) for apy = 1. The

horizontal lines correspond to the central values of the R,, measurements by CMS and
ATLAS, equal to 1.147025 and 1.17 4 0.27, respectively [169,[170].

where in the following the Wilson coefficients c; g are calculated up to order two.

Because of the strong hierarchy of the Yukawa couplings in our model |y;| > |yi]
the contributions from ¢y, to B(I — I'y) can be neglected. The one-loop expressions
corresponding to the diagrams in Fig. are given by [51]

1 1 ’ * ’

C}%Loop ~ = / 5(1—u—v—w) Uzjinlyllyg + (u+v)méy_uyu du dv dw
1 Jo wm2—vwmi + (u+v)mi —uvg

(C.60)

with s = h, H,nr, ¢a R, ¢a,1- Specifically in the case of i — ey the two-loop contributions

with a top quark and a W boson running in the loop have to be taken into account as

they can dominate the cross section in certain regions of the parameter space [514200].

The analytical expressions for the top-loops are

cg = —glﬁ Yur [Re(ytt>f(zts) - Zlm(ytt)g(ZtS)] )
1_42 | 8g2 ) (C.61)
c%z = — KJ( Sffvjvs)givc§W389W)Uy“T [Re<ytt)f<zt5) - ilm(ytﬁg(zt«S)}

with Oy ~ 28.74° and
T1—2x(1- 1-—
/ z(1—z) log 2 :U)dac,
z

(1—x)—2=2
z(1—1)
=5 1
Z) 2/0 w(l—:c)—z og . dx ,
c 1 z z(1—1x)
Z) 2/0 Z—a:(l—x) +Z—l’(1—x 0g P dx , (062)
i X X _ T T
f(z,y) :yf( )+ f(y)7 g(x,y):yg( )+ 9(9)7
y—x =Yy y—r r—y
2
Zij _ﬁ and & @ v
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The W-loop expressions on the other hand are

3 3 Z s) — VA s
Cg/v = KRYur [3f(ZWs) + (5 =+ Z)Q(ZWS) + Z)h(ZWs) + f( W 2)ZWg( W )] s
1 —432 1 » 1
CIV%VZ = K“Tewyu‘r [2(5 - tgw)f(ztm ZWZ) + 5(7 - 3t3w)§(zt5, sz) (063)
Ow
3 3 1 0 i
+ Zg(zts) + Zh(zts) + E(l — ) (f (215, 2wz) — 3208, 2w2))

The corresponding diagrams of these loop contributions can be found in, e.g., Fig. 12 of
Ref. [51].
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