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Abstract

A class of models based on gauged flavour symmetries is proposed to explain the ob-
served hierarchical structure of fermion masses in the Standard Model (SM). These
frameworks introduce a mechanism where only the third-generation fermions acquire
masses at the tree level, while the first and second generations receive their masses
through radiative corrections involving new gauge bosons. A pair of vector-like fermions
for each sector is introduced, which play a key role in giving seesaw masses to third-
generation fermions only and also take part in the radiative mass generation mecha-
nism. It is explicitly shown that the Abelian theories that can incorporate the radiative

mass generation mechanism have to be flavour non-universal in nature.

We construct a renormalisable model by extending the SM gauge symmetry by two
additional U(1) gauge groups. The extended two abelian symmetries are all fermion
generalisations of the well-known leptonic symmetries such as L, — L, and L, — L.
In this setup, both the first and second-generation fermion masses arise from 1-loop
corrections induced by the new gauge bosons, with the mass gap between them being
dictated by a little hierarchy in the masses of the associated vector bosons. This ap-
proach provides a natural explanation for the mass hierarchy among the three gener-
ations of charged fermions and results in interesting phenomenological consequences.
Phenomenological implications, including constraints on the new gauge boson masses,
are discussed. It is shown that the phenomenologically viable solutions require a new
physics scale of the order of O(10°) TeV. The latter’s large separation from the elec-

troweak scale poses a challenge from the naturalness point of view.

Next, we discuss a scenario based on a single Abelian symmetry Gp as the gauged
flavour symmetry in which gauge charges are optimised to suppress the contribution to
the flavour-violating processes involving the lighter generations, leading to improved
constraints on new physics. In this setup, a tiny first-generation fermion mass is in-
duced at the 2-loop level. It is shown that there exists a strong correlation between the
flavour violations in the 1 — 2 sector and 2-loop masses such that in the vanishing limit

of the earlier, the latter vanishes completely. An anomaly-free implementation of this

X
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analysis within the SM framework is demonstrated, and constraints from flavour vio-
lation place a lower bound on the new physics scale, estimated to be around 10° TeV
which is nearly two orders of magnitude smaller than the previous framework. This
framework may allow further improvements in the constraints at the expense of devi-
ations in the light quark masses and, hence, can be tested from precise measurement

of light quark masses.

The Abelian frameworks usually contain a large number of free parameters; thus,
they are unpleasant from the computability point of view. Therefore, we discuss non-
Abelian extensions in which three generations of fermions are horizontally unified in
the three-dimensional representations, which leads to a comparatively smaller number
of parameters in the theory. This, along with the feature that the non-Abelian gauge
bosons have non-diagonal couplings, leads to a more predictive framework for the ra-
diative mass mechanism. The aspects of radiative generation of fermion masses in this
class of theories are demonstrated by considering the SU(3) as the extended symmetry
acting in flavour space. The specific choice of gauge charges ensures that only third-
generation fermions obtain tree-level masses, while the first-order corrections induce
mass terms for both second and first-generation fermions. The mass hierarchy between
the first two generations is attributed to the sequential breaking of SU(3)f with an in-
termediate SU(2) breaking step, which determines the ordering of the gauge boson
masses. The minimal setup contains less parameters than the previous setup and thus
becomes much more constrained and more predictive such that it computes the strange

quark mass slightly deviating from its current central value by 3 0.

We also study the radiative mass mechanism in the context of left-right (L-R) sym-
metric theories. We show that an abelian extension of the parity invariant LR frame-
work, which implements the mass generation mechanism, has the potential to explain
the smallness of the strong CP phase. The explicit model is based on U(1),_3 abelian
flavour symmetry, and the parity is softly broken in the scalar sector. We explicitly
show that new gauge boson-induced 1-loop and 2-loop corrections to the fermion
masses and the scalar-induced one-loop correction do not generate nonzero 0 as they
take a Hermitian form. It is also shown that the gauge boson-induced corrections don’t
induce a strong CP phase in any order of perturbation theory. However, since the scalar

sector breaks the parity invariance, scalar-induced quantum corrections contribute to
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the non-vanishing 6 at the 2-loop level. The minimal realisation of this framework
predicts a correlation between the U(1),_3 symmetry breaking scale and the SU(2)g
breaking scale. As the flavour violation constraints require a new physics scale around

103 TeV or higher, thereby it predicts the strong CP phase to be 6 < 10714,

Overall, these approaches highlight the role of gauged flavour symmetries in viably
addressing the fermion mass hierarchy problem while yielding rich phenomenological

predictions.

Keywords— fermion mass hierarchy, flavour symmetry, flavour violation,

radiative mass generation, vector-like fermions, neutrinos.
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Introduction

The ultimate goal of particle physics is to uncover the fundamental properties
of elementary particles and the interactions governing them. These serve as
building blocks for deeper principles that describe the underlying structure
of nature. Over time, it has become clear that the interactions of elementary
particles are governed by symmetry principles, guiding our understanding of
fundamental forces. The theories aimed in this direction are the gauge theories
of particle physics. Among the many open questions in this field, one of the
most intriguing is the ambiguity surrounding the origin of elementary particle
masses, especially fermion masses. Addressing this issue is the central objective

of this thesis.

The Standard Model (SM) of particle physics [1-3] provides a comprehen-
sive framework for describing these fundamental fermions and their interac-
tions via the strong, weak, and electromagnetic forces. It classifies elementary
particles into quarks and leptons, which constitute matter, and bosons, which
mediate fundamental forces. The quarks and leptons together form the flavour
sector of the SM, each arranged into three generations. While the SM success-
fully unifies the electroweak and strong interactions into a common theoretical

framework of the gauge theory and introduces the Brout-Englert-Higgs (B-E-H)
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mechanism [4-6] to explain how particles acquire mass, it does not explain the
vast differences in fermion masses, known as the fermion mass hierarchy. Giv-
ing a basic introduction to the issue of the hierarchy is the main topic of this

chapter.

In the next section, we begin our discussion by giving a very brief overview
of the symmetry-breaking mechanism and the origin of the masses of different
particles in the SM. We also point out the number of free parameters associated
with the mass sector of fermions. Next, we outline some unexplained issues of
the flavour sector of the SM in section 1.2. With the fermion mass hierarchy
issue in mind, in section 1.4, we briefly discuss the attempts that have been
made to explain it. Finally, the outline of the rest of the chapters in the thesis

will be given in the last section.

1.1 Fermion masses in the Standard Model

In the SM, Left-handed (LH) and Right-handed (RH) components of fermions
transform differently under the SM gauge symmetry, Gs,;. Consequently, gauge
invariance forbids any bare mass terms for these fermions. Instead, their masses
arise dynamically through the spontaneous breaking of Gg), via the B-E-H

mechanism.

At the core of this mechanism is the Higgs field, @, a scalar field that inter-
acts with SM fermions through Yukawa couplings. These interactions enable
fermions to acquire mass after electroweak symmetry breaking. The trans-
formation properties of the SM fermions and the Higgs field under Gg,; are

summarised in Table 1.1.

The renormalisable Yukawa couplings responsible for the charged fermion

mass generation take the form:
—ﬁy = YdijaLiCDde —+ YuijaLi(i)uRj + Yeij@Liq)eRj +HC (11)

where ® is the conjugate Higgs field, defined as ® = io,®*. Also, the sum over
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Field SU(3)CXSU(2)LXU(1)Y
ur, 1
Quark Doublet Qr, = (3,2,3)
dy
Up-type Quark Singlet Ug, (3,1,%)
Down-type Quark Singlet dg, (3,1,-3)
VL.
Lepton Doublet W= (1,2,-1)
eLi
Charged Lepton Singlet eR, (1,1,-2)
¢+
Higgs Doublet D= . (1,2,1)
¢
Gluon g (8,1,0)
Weak Bosons w*, wo (1,3,0)
Hypercharge Boson B (1,1,0)

Table 1.1: Standard Model particle content and their transformation properties under
SU(3)c xSU(2)p xU(1)y. The index i = 1,2,3 represents the three generations of
quarks and leptons. Here we follow the convention in which electromagnetic charges
are normalised as Q = T3 + %

the repeated indices is implied.

In general, the Yukawa couplings Yil;-’d’e are non-diagonal, implying that
fermion mass eigenstates are not necessarily aligned with their interaction eigen-
states. However, by performing a suitable basis transformation, Y* and Y* can
be diagonalised without loss of generality, while Y remains a general 3 x 3

matrix.

The electroweak interaction between gauge bosons and fermions in the Glashow-

Weinberg-Salam theory is governed by the gauge-invariant Lagrangian:

£ ) fiy*Dufuit Y faiiy*Dufri (1.2)
f=Q,L f=u,d,e

where the gauge covariant derivative D), is given by:

. Y
D,fi :(8ﬂ+ng’fT“+1g EB,,)fu, (1.3)
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.Y
D,ufRi = (9,4 + 1g EB#)fRi. (14)

Here, the gauge bosons W’f (a =1,2,3) correspond to the three generators of
the SU(2); symmetry, while B, is associated with the U(1)y hypercharge sym-
metry. The generators of these symmetries are denoted by T* for SU(2); and
L for U(1)y.

From eq. (1.2), it is evident that the gauge Lagrangian remains invariant

under the following global unitary transformations:

Qrj, ugi = (U");;ug;j, dri — (Ud)l-dej)

Wi, eri— (Ue)ij €Rj - (1.5)

where UQY#4¢ are 3 x 3 unitary matrices denoting arbitrary rotations in the
flavour space. This implies that the gauge Lagrangian possesses a global sym-
metry of U(3)>, which commutes with the SM gauge group. If the entire La-
grangian were invariant under these transformations, fermions would remain
massless. However, this symmetry is explicitly broken by the Yukawa interac-

tions.

Under the transformations in eq. (1.5), the Yukawa Lagrangian, eq. (1.1),

transforms as:

_[:Y = Y;?@qu)dR] —+ YiI}aLid)uRj —+ Yie]-ILiqjeR]' + H.c. (16)
The transformed Yukawa coupling matrices, Y4, are given by:

v =(UuQtyiu?, v¢ =Wty ur, ve=(U")yeue. (1.7)

From eq. (1.7), it follows that an appropriate choice of UY and U¢ allows the
matrix V¢ to be diagonalised. This procedure, known as biunitary diagonalisa-

tion, is achieved by selecting UY and U* such that:

YEZ — (U\P)+Y€YE+U\II, (Y@)Z — <U€)+Y6+Ye U(E) (18)
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where

V¢ = Diag.(v{,5,95)- (1.9)

Here, y7,75,5 corresponds to the real Yukawa couplings of the charged leptons-

electron, muon, and tau, respectively, in the diagonal basis.

A similar procedure applies to the up-type and down-type quark Yukawa
matrices. Since the transformation matrix U? appears in both Y* and Y, one

of them can always be chosen diagonal. By convention, choosing
Y" = Diag.(y{,v3,%5) (1.10)
allows the Yukawa Lagrangian in eq. (1.6) to be rewritten as
Ly = }J,’-jjaLi@de + 9/ Qri®ug; + y{ L Peg; + H.c. (1.11)

Here, Yl‘j = yf; The 3 x 3 matrix p? remains complex, containing a total of 18
parameters. Since some phases can still be absorbed, the total number of inde-
pendent phases in v can further be reduced. Specifically, for # = 3 here, 2n—1
number of phases can be absorbed, and therefore there are 13 independent real

parameters in the down-quark Yukawa sector (9 real elements and 4 phases).

Thus, in the unbroken phase of the SM, the total number of independent
parameters in the Yukawa Lagrangian is 19: 3 real parameters in y; (up-type
quarks), 3 real parameters in y; (charged leptons), and 13 real parameters in yf].
(down-type quarks). When the symmetry is broken, some of these parameters

remain unphysical as the mixing in the right-handed sector is not observable in

the SM.

Since the Higgs field @ resides in the fundamental representation of SU(2);
and carries hypercharge Y = 1, it spontaneously breaks the electroweak sym-
metry,

when it acquires a nonzero vacuum expectation value (VEV). The unbroken

U(1)gp must remain as the symmetry of the vacuum since the electric charge is
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found to be conserved. Thus, the generator of the unbroken U (1)) symmetry,

denoted as Q, must satisfy the condition Q(®) = 0. It is given by:

Q:T3+§. (1.13)

A vacuum configuration that preserves this condition is:

0
D) = . 1.14
o-{ 2 o

Substituting eq. (1.14) into the Yukawa Lagrangian (1.11), the mass terms for

the charged fermions are generated as:

Vi - yi'v _ yiv_
ﬁdLide—f——uLi uRZ-—l——eLl-eRl-—kH.c. (115)

T V2 V2

Defining the mass matrices as:

d u e
d_yijv u_yiv e_yiv

ms. , M , My ,
1] \/E 1 \/E 1 \/E

it follows that m;’ and m{ represent the physical masses of the three generations

(1.16)

of up-type quarks and charged leptons, respectively. However, in the down-

quark sector, the mass matrix mfl] is not diagonal in general.

In the SU(3)c x U(1)gp interaction basis, up-type and down-type quarks
mix in charged current (CC) interactions. Consequently, the unitary transfor-
mations that diagonalise the down-quark mass matrix also appear in these
interactions. The resulting mixing matrix is known as Cabibbo-Kobayashi-
Maskawa (CKM) matrix: Vogy [7], and is defined via the charged current La-
grangian:

Lec~W, iy (Vekm)ij duj- (1.17)
The explicit form of Vg, is obtained from the relation:

: "
Diag.(m3,mZ,my) = (Vexu) m® (m*)" Vegur, (1.18)
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where my, mg, m;, are the physical masses of the three generations of down-type

quarks. In general, the elements of Vg are written as:

Vud Vus Vu b
Vekm = Vea Vs Ve |- (1.19)
Via£ Vis Vi

Vekm is unitary in the SM and can be parameterised in terms of 3 angles and
1 phase. These 4 CKM parameters, as well as the 9 charged fermion masses,
are complicated functions of the 19 independent input Yukawa couplings. The

details of parameter counting and biunitary diagonalisation can be found in

[8].

These masses and mixing angles are experimentally measurable and are
therefore considered as observables. Thus, the fermion sector of the SM con-
tains 13 observables (nine charged fermion masses and four CKM parameters).
Among these observables, the lepton masses and the quark mixings are mea-
sured experimentally, with uncertainties at the few per cent level. The heavy
quark masses are determined up to 10% uncertainty, whereas the light quark
masses have nearly 30% uncertainty as they are extracted from lattice simu-
lation. The success of the SM in explaining fermion mass generation was so-
lidified with the discovery of the Higgs boson at 125 GeV by the ATLAS and
CMS collaborations in 2012 [9]. Beyond this, the SM has consistently passed all

experimental tests, confirming its predictive power.

Despite its remarkable success, the SM faces several significant challenges
that point towards the need for physics beyond its framework. Observational
issues like neutrino masses, dark matter, and anomalies in certain SM predic-
tions like (g - 2), indicate that the SM is an incomplete theory. However, there
are also structural issues like gauge hierarchy, flavour puzzle, strong CP prob-

lem, etc. We focus on the flavour puzzle in the next section.
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1.2 Flavour puzzle

The flavour puzzle in the Standard Model refers to the lack of an underlying ex-
planation for the observed pattern of fermion generations, mass hierarchy, mix-
ing angles, and CP violation. One fundamental question in this context is why
nature exhibits exactly three generations of quarks and leptons. So far, there is
no deeper theoretical justification for this duplication of fermion families in the
SM. However, the fact that both the quark and lepton sectors contain the same
number of generations suggests that an undiscovered fundamental mechanism
might be responsible. On the other hand, it is also possible that this structure
is merely a coincidence. The number of generations is also closely tied to the
origin of CP violation [7]. In particular, three generations of quarks are the
minimum requirement for CP violation to occur in weak interactions, a phe-
nomenon that has been experimentally confirmed [10]. However, CP violation
has not been observed in strong interactions, raising the question of why strong
interactions appear to preserve CP symmetry. This unresolved issue, known as

the strong CP problem, will be explored in detail in the next subsection.

Additionally, the SM does not provide an explanation for the vast differ-
ences in fermion masses across three generations, although each transforming
identically under the gauge group SU(3)cxSU(2); xU(1)y. The Higgs mech-
anism allows fermions to acquire mass through their Yukawa couplings, but
the specific values and hierarchy of these masses remain arbitrary and incal-
culable within the framework of the SM. While neutrinos, initially thought to
be massless, have extremely small but nonzero masses as inferred from oscil-
lation experiments [11]. However, in the SM, the neutrinos remain massless at
the renormalisable level, and their mass terms can be generated through the
famous dim. 5 Weinberg operator [12]. From experimental observations the
mass ordering of neutrinos is still not determined, also the observed lepton
mixing has almost all entries of O(1) unlike in the quark sector where mixings
are small [13]. For a comprehensive review of the aforementioned puzzles and

potential explanations, refer to [14].
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1.2.1 Quantifying the flavour hierarchies

Quark masses span several orders of magnitude, from the up quark (2-3 MeV)
to the top quark (173 GeV) [13]. Similarly, among leptons, the electron (0.511
MeV) is much lighter than the tau (1.78 GeV). For convenience, we give the
relative strength of lighter fermion masses with respect to the third-generation

fermion masses:

Mu 1 4%1075, Me L 74x1073,
n; ni
Md 114x1075, Ms ~24x1072,
my, my,
m
Me L 28x1074, —*~59x1072, (1.20)
mT mT

Apparently, there is a several orders of magnitude difference between the masses
of charged fermions. For example, the top quark is about five orders of mag-
nitude heavier than the up quark. Also, it can be noticed that the intergenera-
tional hierarchy is nearly more or less the same for all types of charged fermions
and is proportional to 1072. In a similar fashion, the elements of the CKM ma-

trix governing quark mixing exhibit a hierarchical structure as[13]:
Vial ~ 1, Vil ~ A, Vil ~ A2, (1.21)

with all the diagonal entries are close to 1, and A is a small parameter and
close to ~ 0.2. The reason for this hierarchical structure of masses and mixing
remains largely unknown. Some of the popular solutions to this puzzle will be

briefly discussed in section 1.4.

1.2.2 The anarchy

Neutrinos, once thought to be massless, have extremely small but nonzero
masses inferred from oscillation experiments [11]. Unlike the charged fermion
sector, where hierarchical masses and mixings follow distinct patterns, neu-

trino masses and mixings appear to be less constrained and anarchical in na-
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ture. For example, considering the lightest neutrino mass is zero: m; = 0, the

other two active neutrino masses assuming normal ordering (NO) are given by:

my = \JAm2, ~0.01eV,  my=~[Am?2,, ~ 0.05eV (1.22)

Here, Amszol and Am?2,,, are solar and atmospheric neutrino oscillation mass dif-
ferences, which are extracted from the global fit to neutrino oscillation data
[15]. From above, we see that the neutrino masses are less hierarchical in na-
ture. However, this is the widest range, 0 to 0.05 eV, that can be spanned by the
three active neutrino masses. Alternatively, all neutrinos could have a similar
magnitude of masses, following anarchic solutions [16, 17], while still satisfy-

ing the cosmological bound }_, m,, =0.12 eV [18].

The lepton mixing matrix, known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, has large mixing angles in contrast with the small mixing an-
gles in the quark sector. This corresponds to almost O(1) entries for the mixing
elements. For convenience, the PMNS matrix for normal ordering can be writ-

ten as:
0.814 0.580 0.148

|Upmns| ~ [0.363 0.692  0.623], (1.23)
0.453 0.620 0.640

where the best-fit values used are: 61, = 33.68°,0,3 = 43.3°,073 = 8.52°,0cp =
177°. These values are taken from the NuFIT 6.0 (2024) global fit [15].

1.3 Strong CP problem

Another unresolved issue in the SM is the Strong CP problem. In Quantum

Chromodynamics (QCD), the physical CP-violating parameter is given by:

0= QQCD + arg(det(MuMd)), (1.24)
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where M,, and M, are the mass matrices for the up and down quark sectors,

respectively, and Ogcp is defined through the term:

_ Ogcp &l

Logen = 355 Gl G (1.25)

This term, permitted by SM gauge symmetry, violates both parity (P) and time-
reversal symmetry (T), resulting in CP violation in the strong interaction. How-
ever, this CP-violating term is not uniquely defined, as it can be shifted into the
second term of eq. (1.24) (or vice versa) through a redefinition of the quark
fields. The physical parameter O has observable consequences, particularly in
the neutron’s electric dipole moment (EDM). The non-observation of a neutron
EDM places a constraint [19]:

0<10710 (1.26)

This is an extremely small number, which is puzzling because, from a theo-
retical standpoint, one would expect 6 to be of order O(1), similar to the CP-
violating phase in weak interactions. This unexpected smallness is what con-

stitutes the Strong CP problem.

Several mechanisms have been proposed to explain why 0 is so small. One
possible solution is the massless quark scenario [20, 21], where if one of the
light quarks (up or down) were exactly massless, the strong CP phase could be
rotated away, making 0 unobservable. However, lattice QCD studies and ex-
perimental data indicate that all SM quarks have nonzero masses, ruling out
this possibility. Another well-known solution is the Peccei-Quinn (PQ) mecha-
nism [22-28], which introduces a new global U(1)po symmetry that is sponta-
neously broken, leading to the emergence of a new light scalar particle called
the axion. The axion dynamically adjusts itself to cancel out the CP-violating

term, naturally driving 6 to zero.

Another type of approach is the discrete symmetry-based solution to the
puzzle. The leading order contribution to the strong CP-violating phase is for-
bidden by either CP or P as the symmetry of the ultraviolet theory, and a tiny

value is generated when higher order corrections are taken into account. The
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complete theory which assumes CP as the symmetry of the Lagrangian at high
energy is known as the Nelson-Barr mechanism [29, 30]. It introduces new
heavy quarks or vector-like fermions with a carefully arranged flavour struc-
ture to ensure that CP violation appears only in weak interactions, leaving 6
naturally small. The other kind, parity-based solutions [31-33], impose left-
right symmetry (L-R) at high energies, which forces 6 = 0 at tree level, with
small corrections arising only through radiative effects. In chapter 6, we will
show that our proposed mechanism which explains the mass hierarchy also

solves the strong CP puzzle in a very effective manner.

1.4 Attempts to generate hierarchy

Several Beyond the Standard Model (BSM) frameworks have been proposed
to explain the fermion mass hierarchy and flavour structure, including the
Froggatt-Nielsen (FN) mechanism, Clockwork mechanism, Extra-dimensional

models, and Radiative mass generation.

The FN mechanism [34] introduces a horizontal symmetry, typically a global
or gauged U (1), under which different generations of fermions carry distinct
charges. This symmetry is spontaneously broken by the VEV of a flavon field,
leading to an effective suppression of Yukawa couplings by powers of a small
parameter € ~ S\i), naturally generating the observed mass hierarchy. For ex-

ample, if we obtain the mass matrices of the following form [35]:

then it lead to following pattern of masses:

my ~ 1, my..~€,

Mg, ~ €2, mu,d,€~€3. (1.28)
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For € ~ 0.02 — 0.03, the above structure reproduces the realistic spectrum of

hierarchical masses.

The clockwork mechanism [36], originally developed in the context of ax-
ions and massive gauge bosons, has been applied to flavour physics as well. In
this framework, fermions couple sequentially across a series of sites in a dis-
crete or continuous "clockwork chain," with the mass hierarchy emerging due
to exponential localization of the effective zero mode in the chain. This mech-
anism can explain why some Yukawa couplings are naturally small without

requiring finely tuned parameters.

Extra-dimensional models, such as those based on warped geometries (e.g.,
Randall-Sundrum models) [37], provide an alternative perspective by localiz-
ing fermions at different positions along an extra spatial dimension. In these
scenarios, the overlap of fermion wavefunctions with the Higgs field deter-
mines their effective Yukawa couplings. This leads to an exponential mass sup-

pression for lighter generations.

Another intriguing possibility is the radiative mass generation mechanism
[38—44], where the masses of certain fermions arise at the loop level rather
than at the tree level. In these models, new heavy particles running in quan-
tum loops generate effective Yukawa couplings, naturally explaining the small-
ness of certain fermion masses. Since quantum corrections generate masses for
some of the fermions, these frameworks make masses calculable parameters of
the theory, which is a distinctive feature compared to the previously discussed

mechanisms. One more advantage of this framework is that the loop suppres-

1

sion factor 1.

is of the order of intergenerational mass hierarchy. Again, this
mechanism naturally leads to a small number of unknown parameters. All

these features will be discussed in detail in the next subsection.

1.4.1 Radiative mass generation

An elegant approach to understand the peculiar hierarchical structure of charged

fermion masses is to allow only the third-generation fermions to acquire mass
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at leading order, while the masses of the first two generations emerge through
quantum corrections. This mechanism makes the masses of the first- and second-
generation fermions fully or partially calculable within the theory. Such an ap-
proach was first explored in [38, 39] shortly after the development of the SM,
aiming to treat mass differences as computable parameters of the theory. Later
on, in [40-44], the mechanism is explicitly used to explain the electron-muon
mass ratio; in other words, the electron mass is computed in terms of muon
mass. In these approaches, it was realised that the successful implementation
of the mechanism requires an extension of the SM through the inclusion of

massive fields.

The necessity of extending the SM gauge sector can be understood as fol-
lows. Assigning nonzero masses only to third-generation fermions at the zeroth
order leads to an accidental U(2)> global symmetry in the mass Lagrangian.
Since this symmetry is respected by the full Lagrangian, quantum corrections
from other SM fields do not contribute to the masses of the lighter-generation
fermions. This follows from the principle of technical naturalness [45], which
states that corrections to a mass term in the SM are proportional to the mass
itself. Consequently, if certain fermion masses are initially set to zero, they will
remain zero at all orders in perturbation theory. Therefore, in order to success-
fully incorporate the radiative mass generation mechanism within the SM, the

field content must be extended.

A more complete realisation of the radiative mass mechanism was intro-
duced by Balakrishna in [46], successfully reproducing the observed hierarchi-
cal mass spectrum of quarks and charged leptons. This work proposed a L-R
symmetric model with an extended gauge group, SU(3)cxSU(2); xSU(2)g %
U(1)p_1, and an expanded fermion sector incorporating an additional gener-
ation of massive vector-like (VL) states. These VL fermions played a crucial
role in generating tree-level masses exclusively for third-generation fermions
through a seesaw-like mechanism. The model’s scalar sector was minimally ex-
tended to spontaneously break L-R symmetry and enable the radiative genera-

tion of lighter-generation fermion masses via one-loop and two-loop diagrams.
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Subsequent studies [47-53] further developed this framework, reinforcing the
viability of radiative mass generation as a mechanism for explaining fermion

mass hierarchies.

However, after initial interest, research in this direction significantly de-
clined, with only a handful of works published over the next two decades
[54-60]. Interest in the field was later revived by Weinberg [61], leading to
a resurgence of studies on radiative mass generation [62-68]. Notably, Wein-
berg proposed a model based on horizontal gauge symmetry SO(3); x SO(3)g,
where the three generations of left-handed quarks and leptons, as electroweak
doublets, form a (3,1) representation under SO(3); x SO(3)g, while the right-
handed quarks and charged leptons occupy separate (1,3) representations. In
this framework, the masses of first- and second-generation fermions arise through
the exchange of SO(3), g gauge bosons at the two-loop and one-loop levels, re-
spectively. However, the model predicts several unrealistic correlations among
various quarks and lepton masses, which are proven wrong by the present
experimental observations. For example, the model predicts that the ratio
of second-generation to third-generation fermion masses is the same for up
quarks, down quarks, and charged leptons, which is not even approximately
true of observed masses. Another unrealistic feature of the framework is that

they do not exhibit any quark mixings in theory.

Extended models of radiative fermion masses introduce self-energy correc-
tions through loops involving heavy fermions, with contributions mediated by
either scalars or vector bosons. Based on the dominant contribution, these mod-

els can generally be classified into two categories:

(i) Spin-0 mediated models: These involve scalar particles in the fermion
self-energy loops (see [46-55, 58-60, 64-73] for examples), and require

the extension of the SM Yukawa sector.

(ii) Spin-1 mediated models: These involve vector bosons in the self-energy
loops [56, 57, 61-63, 74-80]. In these models, extending the SM gauge

symmetry to include a gauged flavour symmetry group G is necessary
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as we show in the next chapter. The radiative corrections in this frame-
work are dictated by the gauge couplings and the masses of the new gauge

bosons.

It is worth pointing out that Case (ii) frameworks have some more advantages

over Case (i) in the following regime:

* Predictive Power: The quantum corrections to fermion masses depend on
independently measurable gauge couplings and gauge boson masses, mak-

ing the loop-corrected masses, in principle, calculable quantities.

» Fewer Free Parameters: Symmetry-based extensions typically introduce fewer
arbitrary parameters compared to scalar-based models; thus are poten-

tially more economical. This also enhances theoretical predictability.

* Natural Gauge Symmetry Extension: These models arise naturally from
fundamental principles of gauge theories, aligning well with established

ideas in particle physics.

Given these advantages, radiative models where a new gauge sector plays a
primary role in generating the masses of lighter quarks and leptons are par-
ticularly promising and ask for systematic investigation. At the time I began
my doctoral research, no realistic gauged extension of radiative mass genera-
tion frameworks had been developed, motivating the choice of this topic for

my thesis.

1.5 The objectives and Thesis structure

The central objective of the thesis is to explain the fermion mass hierarchy is-
sue of the SM through the radiative mechanism in a calculable and predictive

manner. Some specific objectives aligned in this direction are outlined below:

(i) Systematic investigation of the possibility of radiative generation of fermion

masses in gauged extensions of the SM.
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- We study these aspects by considering an Abelian theory and outline
general conditions under which such extensions can viably and effectively

accommodate the observed flavour hierarchies.

(ii) Implementing radiative mass generation mechanism in extended Abelian
theories.
- We discuss a class of ultraviolet complete renormalisable theories and
qualitatively evaluate the spectrum of masses, scales and couplings. Ad-
ditionally, we point out inherent complexities in an Abelian extension and

mention some possible way-outs.

(iii) Studying the implementation of the radiative mechanism in non-Abelian
extensions and identifying the improvements over Abelian counterparts.
- We outline various advantages of non-Abelian gauge groups to incor-
porate the radiative mechanism and discuss a complete model based on

SU (3)F extension, which leads to a more predictive framework.

(iv) Left-Right extension and solving the strong CP puzzle.
- We discuss the implementation of the radiative mass mechanism in left-
right symmetric theory and show that when parity symmetry is imposed

on such a framework, it naturally explains the strong CP puzzle.

All the above-mentioned objectives are incorporated in the thesis with great
detail and organized in the following manner. In the next chapter, we systemat-
ically outline the steps of the radiative mass generation mechanism and explic-
itly compute the self-energy correction loop diagram. For simplicity, the above
details are carried out by considering a toy framework based on an Abelian
gauge theory. The mass-generating loop diagrams in this framework are formed
by the emission and absorption of vector boson of the Abelian symmetry. We
also outline the limitations of the framework at 1-loop and point out possible

way-outs on which subsequent chapters are based.

Chapter 3 integrates the radiative mass mechanism within the SM exten-
sions by utilising the findings of the toy framework analysis. The explicit renor-

malisable model constructed is based on two flavour non-universal Abelian
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gauge symmetries. The first and second-generation fermion masses, both, are
induced at 1-loop, while the hierarchy between these two generations results
from a gap between the masses of two vector bosons of the extended gauge sym-
metries. Although it reproduces the observed hierarchical pattern of fermion
masses, phenomenologically, the lowest new physics predicted turns out to be
~ 108 GeV. Chapter 4 discusses a framework in which a slightly lower allowed
scale is obtained, as well as the first generation fermion masses are induced
in the two-loop. It is shown that the couplings, which dominantly constrain
the lower bound on flavour symmetry breaking scale and the mass of the first
generation fermions, are related. In the limit of vanishing of one leads to the

vanishing of the other.

Next, in chapter 5, we discuss the additive mass generation mechanism us-
ing non-Abelian gauge symmetries, i.e., SU(3)r. We also point out some of the
advantages over the Abelian theories of the radiative mechanism. Most impor-
tantly, we show that the SU(3)r framework typically leads to fewer parameters
compared to the Abelian theories discussed in previous chapters. We also dis-
cuss a pattern of SU(3)r breaking, which leads to hierarchical masses for the

first two generation fermions, although they are induced at the 1-loop level.

In Chapter 6, we explore the radiative generation of fermion masses within
the Left-Right symmetric framework. Furthermore, we demonstrate that im-
posing parity symmetry naturally provides a resolution to the strong CP prob-
lem. Chapter 7 concludes our study, where we also outline potential future
research directions. Lastly, two appendices are included to clarify key techni-

cal aspects discussed in the main text.



Radiative generation of fermion masses:

General aspects

As discussed in the previous chapter, gauge extension models provide a more
predictive framework compared to other types of radiative mass models. In this
chapter, we explore the simplest gauge theory, an Abelian framework, which
serves as a toy model for studying the fundamental aspects of the radiative
mass generation mechanism. This framework involves three generations of
chiral fermions, fL’l and f]éi (i = 1,2,3), which are non-trivially charged un-
der the Gp = U(1)f gauge symmetry, making them suitable for incorporating
the radiative mechanism. An additional pair of vector-like states is postulated,
which plays a crucial role in obtaining the rank-1 structure of the mass matrix
as well as in the underlying mechanism. In this framework, radiative masses
arise exclusively from the interaction between the gauge boson of the Abelian
symmetry and the fermion multiplets. It is shown that the abelian symmetries
which can viably implement the mechanism must be flavour non-universal in

nature.

In the next section, we analyze the conditions under which an Abelian the-

ory can generate fermion masses for different generations at various orders of

19
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perturbation theory. We start with obtaining the rank 1 structure of the mass
matrix for the chiral fermions, and then we compute the leading-order cor-
rections to it. The rank of a matrix is determined from the number of non-

vanishing eigenvalues it corresponds.

2.1 The Toy model and Loop-induced masses

Consider q;; and gg; as the charges of the three generations of the aforemen-
tioned chiral fermions, f/; and fg., respectively, under the abelian symmetry. It
is to be noted that under a chiral gauge symmetry, such as the electroweak sym-
metry of the SM, f/; and fg; must transform differently. We also introduce a pair
of VL fermions, F| and Fg, which may or may not be charged under the U(1)g
gauge symmetry but transform identically under a chiral symmetry. Unlike the
chiral fermions, the vector-like fermions possess a symmetry-preserving mass.
The rank 1 structure for the mass matrix of the chiral fermions (f; and f;)
can be obtained by allowing Yukawa interaction between the SM fermions and
vector-like fermions only. Any direct coupling among the chiral fermions are

prohibited through a careful selection of U(1)r charges.

The interaction term of chiral and VL fermions with the gauge boson of

U(1)F can be written as:

_ﬁgauge = gXX,u (qLoc ]_[La 7/ny/a 1 4qra ]TRa 7”f1éa)
= gxXu(FLQuy"fi + FrQrY"fz) - (2.1)

where a = 1,...,4, f/, = (f{,F]), and fg, = (fg;»Fr) - 4qLri is the charge of
chiral fermion fL/,Ri under G and q;4 = qgg4. The 4 x 4 charge matrix is defined
by:
Qpr [ e O ]; (2.2)
0 4qrr4
with

qr = Diag. (911, 912, 913) » qr = Diag. (qr1, qr2, qr3) - (2.3)
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2.1.1 The treelevel

After the breaking of U(1)f and chiral symmetries, the mass Lagrangian of the

fermions at leading order can be arranged to take the following form:

~Lp = Hif iR+ priFrfg +mpFrFp +hee.,
-, 0 .,
= fla M((x[)’) frg thec., (2.4)

with fL'(R)4 = Pi(R) and a = i,4. The 4 x 4 mass matrix M(®) has the following

form:

MO — [ 0353 ()31 ]’ (2.5)
(MR)1x3  mp

where up = (ur1, pro, pr3) T and pug = (pgr1, pr2, Hr3)- The specific form of inter-

actions in £,, can be derived by treating y; g as spurions and assigning them

appropriate charges under the full symmetry of the theory. Both p; and up

break U(1)r symmetry, while at least one of them also breaks chiral symmetry,

depending on the gauge charge assignments of the VL fermions.

The structure of the tree-level mass matrix, given in eq. (2.5), closely aligns
with the form introduced in the framework of the universal seesaw mechanism
[81-85], where all the three-generation chiral fermions obtain masses through
the seesaw mechanism. However, in our case, due to the specific structure of
M), only one of the chiral generations acquires a nonzero mass. In the so-
called seesaw approximation, when VL fermions mass scale is higher from the
other scales of the theory, i.e., mp > p; g [86-88], the vector-like states can be

integrated out which leads following effective mass matrix for chiral states:

(o _ 1
Mz’j —_m_FI‘LiP‘Rj- (2.6)

As can be seen, M(0) is a direct product of two vectors and, therefore, is a rank-1
matrix. The non-vanishing eigenvalue corresponding to M() is proportional to
the trace of this matrix. As yy r < mp, the mass of this state is suppressed com-
pared to that of the VL fermion. This state is identified as the third-generation

fermion and, in this way, only one pair of chiral fermions is arranged to acquire



22 2 - Radiative generation of fermion masses: General aspects

a tree-level mass in the underlying framework.

The fermion fields in eq. (2.4) are primed to separate them from the physical
basis. The physical basis is obtained by considering unitary transformations as
fir= UL(,(QJF fL'R Since the VL fermions and third generation chiral fermions are
the only massive states at the tree level, the biunitary diagonalisation can be
written as:

0)t

U (02 = DO) = Diag, (o, o,mgo),mff)) . (2.7)

In the seesaw approximation, the unitary matrices can have a simplified ana-

lytical expression and can be written as [89]:

(0) (0)
0 u -p
UL(,JQ =| oo o), (2.8)
PLr ULr 1
where
0) 3 1 (0t _ 1
oL = P L, PR = iy KR (2.9)

are three-dimensional column and row vectors, respectively, commonly known
0)

as seesaw expansion parameters. UL( r are 3 x 3 unitary matrices defined from

the biunitary diagonalisation:

0)t

U Ot MOy - Diag.(o,o,mgo)) . (2.10)

The simple form of M(?) can be used to determine UIE’O]g analytically. The

third column of this unitary matrix can be obtained by deriving the eigenvector
corresponding to the only non-zero eigenvalue of M(?). The other two eigen-

vectors can be derived from the orthogonality. We find:

_ Hio _ PL1HL3 HL1
(0) 5 i s | o)
Uy = P11 _ P2k %) V. 2.11
L T R (211)
0 i l”+Hurol K13
VN, VN;

with Nj ; 3 as normalisation constants that can be obtained by normalising each

12 . . L
of the three columns. Vg I denotes an arbitrary unitary rotation in the 1-2
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plane, which remains unspecified due to degeneracy among the first two gener-

. . . : 0) _ . o .
ation masses. A similar expression applies for Uz(z ), with substitution y; — pj.

2.1.2 At 1-loop

The higher-order corrections to the tree-level mass matrix can be straightfor-
wardly calculated in the physical basis, where the U(1)r gauge interactions are

expressed as:

—Lx = gx X, ((Qi()))aﬁ frav"fip+ (QI(QO))aﬁ J_[RaV”fRﬁ) , (2.12)

where

0
LR us. (2.13)

0 4qrra

For non-universal charges gq; r,, the gauge interactions are not flavour diagonal
in the physical basis. This plays a crucial role in inducing the masses of the re-
maining massless fermions at higher orders in perturbation theory. To compute
such effects, it is convenient to go to the Dirac fermion basis, where the gauge

interactions in eq. (2.12) can be written as:

~Lgauge = 8x Xuf o¥"Cap fp» (2.14)

with the coupling defined as:
Cop = (0) P+ (0) P 2.15
af (QL )aﬁ L (QR )a/a’ R - ( . )

Here P; and Py are the usual chiral projection operators:

2 )

145

P
L 2

Py (2.16)

At the 1-loop level, the first and second-generation fermions can acquire
masses via diagrams that include the U (1) gauge boson X, and massive fermions
(f3, fa) within the loop, as shown in Fig. 2.1. The one-particle-irreducible (1PI)

two-point function can be written using this diagram is given by
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X

fs

f(l

Figure 2.1: Gauge boson induced fermion self-energy correction at 1-loop.

. d4k (yrch )i(K+V+my)'(7/chﬂ)
—i¥, =
x Aw(k), (2.17)
with
Ay (k) = = ( PO (2.18)
W T My e\ ™ k2-cMg ) '

We set p = 0 in order to go to the on-shell condition for the massless fermion
and calculate the loop contribution in the Feynman-t Hooft gauge (C = 1),
using the dimensional regularization scheme. Since the denominator is an even
function of k when p approaches zero, terms in the numerator containing an

odd power of k vanish. Also, QE?I)J = Q(L(’)I)2 (see eq. (2.13)). Therefore,
L2 e 0 0
Zap(0) = =ighn® ) [ (L )ay P+ (@)1t
Y

d%k dm, 1
X C,g, 2.19
f (210)4 k2 —m3, +ie k2 — Mx? +ie vP (219)

where, d = 4 — € and y as the renormalisation scale. Also, we have used the
identities y#C,,, = [(QEO))WPR + (Q%O))ayPL] y# and y"y, = d in order to ob-

tain eq. (2.19). After some algebraic simplifications, it can be written as

dgx (0) (0) (0) (0)
Zap(0) = s ) |y (@R + (@ oy (@111

270p1)° 1 1
(2 Jddk — — (2.20)
i k? —mjy +ie k? - Mx” +ie

The integration in the above can be computed and expressed in terms of Passarino-
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Veltmann function By [90] leading to a final expression

2
g
Eap(0) = 4—;(2 Z m,, [(QL)ay(QR)yﬁPR+ (QR)ay(QL)yﬁPL] Bo[Mx,m,]
)4
(2.21)
with
(2ny)€J‘ d 1 1
By|M, = — a“k . .
olM,m] in? k?—m? +iek?-M?+ie
lenA;—; —mzln’;’—22
= Ac+1- o (2.22)
Here, A, the singular part of loop integration for e — 0. Explicitly,
2
A€:E—7/+ln4n. (2.23)

From, eq. (2.21) the 1PI selfenergy function can be parametrised as following:

Sap(p=0) = 0gg L+ 0qp Pr, (2.24)
with
2
g
oty = 15 ) (R )ay Q1) BolMy,m),
Y
2
0615/3 - % Z(Qg)))ay (QZ(QO))y/i mg/O) By [MX;m;O)] ’ (2.25)
)4

The 1-loop corrected 4 x 4 fermion mass matrix can be expressed in the form:
MO = MO 4 5@ (2.26)

where

SM© =149 Ryl (2.27)

The explicit form of o® can be obtained from eq. (2.25). In general, the loop
contributions 5M(?) contain divergent terms proportional to A.. Renormal-
isability demands that the 3 x 3 upper-left block of 5M(%) must be finite, as

no corresponding counterterms are available in tree-level Lagrangian to can-
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cel these divergences. Representing the divergent part of 5M(?) as 5/\/1((1?‘)/, we

obtain

MY otV 0 DO o 110" = @, M) @, (2.28)
where the last equality follows from eqgs. (2.13,2.7). Using the diagonal nature
of Q; r and the form of the mass matrix M) given in eq. (2.5), one finds

(5/\/13?3) —0. (2.29)

]

Therefore, the 3 x 3 upper-left block of 6M(?) is finite, as expected from the
renormalisability [39, 44].

The finite part of 5M(?) can be simplified to

2
0 8x (0) (0)« (0) (0)
0, = v (), (), i),
)4
where b, denotes the finite part of the loop function B, as defined in the MS
scheme. Explicitly,

2 2
M?InX- —m?1n 2
H H

bo[M,m]El— MZ—mZ

.. (2.31)

Further simplifications is achieved in the seesaw approximation. Substituting

eqs. (2.8,2.7) in eq. (2.30), we find

2
0 - 8 (00 (0)+ (0)
(6M())i]' B 47‘(2quqR](UL )i3(UR )]'3 s
x (BolMx, ™) - bo [ My, ). (2.32)

From eq. (2.10), it can be shown that:

(0)) ( (0)*) (0) _ 500 _ o
U U m M:" = ——uiug;. 2.33
( L) "R i3 3 ij mFML HRj ( )

Thus, the simplified eq. (2.32) is:

2

8
(5M(0))ij =~ 4—;2%'611%]' Mi(jO) (bo[MX/mgO)] —bo [Mx'mp])) (2.34)
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with i,j = 1,2,3 and the repeated indices are not summed over. After per-
forming some straightforward algebraic simplifications, the corrections to the

remaining components of the mass matrix are derived as follows:

: WP
- g ’I/l 0
(éM(O))i4 = 4—;%1"1124%,1' bO[MX;mF]‘i'ZﬁbO[MX,mg )] ,
7 M
0 $x 215 )
(5M )4i = 4—712%4411%1']4121' bo[MX,mp]+Z?b0[MX,m3 11,
7 Mg
2
(0) gx mgo) (0)
<6M )44 = 4—712%44124"% bo[Mx, mp] — >, bo[Mx,m3"]|. (2.35)
F

Based on the aforementioned findings, the fermion mass matrix with 1-loop

corrections, as given by eq. (2.26), can be expressed as:

MO [ (5M)§(i)3 (f)3x1 ], (2.36)
()1x3 g
with
(M) = (sM®) = (M)
i = i+ (M) g = mp 4 (oM), (2.37)

. 0 - . . . . .
Since, 5Mi(j ) < fij, ;41’. < 1, the effective 3x3 mass matrix for the chiral fermions

can then be written as:

1
MW = sMO) - 7 jig. (2.38)
mg
By comparing the above with eq. (2.6), it is seen that the second term has
the form similar to M(?) with the original elements being swapped by their 1-
loop corrected values. This term remains of rank 1 and contributes only to the

masses of the third-generation fermions.
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2.2 Consequences of 1-loop result

Two significant characteristic features can be identified from the above 1-loop

corrected fermion mass matrix given in eq. (2.38).

* The flavour universal U(1) symmetry cannot induce radiative masses for
the lighter generations. This can be understood as follows. For q;; =
qr2 = q13 and qr1 = qr2 = qr3, we find M o M©) from eq. (2.34) and
fioc p, p oc W', mip oc mp from eq. (2.35). The latter implies:

1 _ . 1
_rﬁ_F/"L/"R o —m—FﬂLP‘R o« MO, (2.39)

In summary, this suggests that M(!) oc M(?), indicating that the rank of the
1-loop corrected mass matrix stays at one. Thus, a flavour non-universal
U(1) is essential for generating masses for the lighter fermion genera-
tions. Our finding contradicts the results presented in [62], which em-
ploy a flavour universal U(1)p_; to produce radiative masses for the first-

generation fermions.

* The generic choices of charges q; gr;, the mass matrix M always leads to

one vanishing eigenvalue.

The second point can be proved in the following manner. To simplify sub-
sequent analyses, we assume vector-like fermions are neutral with respect to
the U(1)r symmetry. This choice also doesn’t lead to a loss of generality, as
from various gauge anomaly cancellation constraints, one of the gauge charges
can be fixed. Also, from the first bullet point, it can be seen that even for ar-
bitrary charges, it doesn’t induce loop masses for otherwise massless fermions.

Consequently, the expression for M(1) can be represented as:

M) { (6M(0))3><3 ML ] (2.40)

KR mpr

In the seesaw limit, the unitary matrices that perform the block diagonali-
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sation of M) given in eq. (2.40), can be approximated by:

(1) (1)
(1) ULr —PLR
UL,R ~ (1)t (1) ], (2.41)
PLr UL,R 1

with p&){ = pI(% and UL(llz are the unitary 3 x 3 matrices which diagonalises the
effective 1-loop corrected 3 x 3 mass matrix

MY — 0

W=m? +om (2.42)

ij
By substituting eq. (2.34) into eq. (2.42), we can simplify it to

1 0
M =M (1+Cariagj), (2.43)
2

where C = %(bO[MX,mgO)] — by[Mx, mg]). It can then be seen that the above
mass matrix has a vanishing determinant. This results from the fact that one of

the columns of M) is not independent. For example,

(1) _ qR1 —9qR3 PR1 5 (1) | 9R2 —4R1 HR1 , (1
M) = IRLZARS PRL () ) AR2 ZAR1FRL () (2.44)
qr2 ~— 9R3 HR2 qr2 ~4R3 MR3

for i = 1,2,3. An analogous relation is observed for the rows of M(!) when gy
and pp are substituted with g; and pj, respectively. This indicates that for the
most general choices of gg and g;, the 1-loop corrected effective mass matrix is
of rank-2, resulting in one state being massless. Consequently, the diagonalisa-

tion of M (1) presented in eq. (2.43), can be written as:

Mt M gt = Diag.(o,mg”,mg”). (2.45)

Deriving analytical expressions for UL(}R) can often be a challenging task;
however, the first column of UL(’IR) can be obtained with relative ease. This pro-

cess involves determining the eigenvector associated with the zero eigenvalue

of both MMM and MM*M1) The former provides the first column for
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UL(I), while the latter corresponds to that of Ulgl). We find that,

(1)
ULll 1 1

1 |_ P11 9134901
Ui [= VN Wi dr2—4qr3 | ° (2.46)
U(l) _ P11 912-911

L31 Hls 9r2—913

Similar expression can be obtained for Ulgl) by the replacement L — R in the

above expression.

Since the lightest generation fermion remains massless in this setup at the
1-loop level. There are two possible ways to induce radiative masses for the
otherwise massless fermion, thus establishing a hierarchical mass spectrum for

the chiral fermions. These are:

1. Extending the Gauge Sector: To generate masses for both the first and sec-
ond generations at the 1-loop level, the gauge sector must be extended be-
yond a single U(1). The minimal extensions include either a U(1) x U(1)

structure or an SU (3) flavour symmetry.

2. Higher-Order Contributions: The massless state is generally a non-trivial
combination of all three fermion flavours. As a result, it can acquire mass
at a higher order in perturbation theory, following a mechanism similar to

how a massive state emerges at the 1-loop level.

We outline the simplest approach to generating first-generation masses us-
inga U(1)xU (1) framework. In this setup, the first U(1) should be responsible
for inducing mass exclusively for the second generation, which can be achieved
by setting q;; = gr1 = 0. As shown in eq. (2.32), this leads to a massless first-
generation fermion and loop-suppressed mass for the second generation. The
masses of the first-generation fermions are then introduced through corrections
mediated by the gauge boson of the second U (1), under which they are nontriv-
ially charged. The mass hierarchy between the first and second generations can
be orchestrated by implementing hierarchical masses for the respective gauge

bosons of these two U (1) symmetries. This can be understood as follows: In-
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corporating the corrections from both U(1) gauge bosons, the total 1-loop cor-

rected mass matrix takes the form:

(MD) =(M©) +(6M1(0))“ +(5M§°>) , (2.47)
ij

1] ij

Like eq. (2.43), for VL states neutral under both the U(1)s, it can be written as

MY =m0

ij =M (1 +Cray) ay) +Caqy ql(fj)), (2.48)

2
where C,, = %(bO[MXn,mgo)] — bo[Myxy, mg]) forn=1,2. qgll)qi is charge of the
(1)

chiral fermion f; ; under U(1), symmetry. As mentioned earlier quLRl =0and

(2)

911 gy % 0, to induce radiative masses for second and first-generation fermions

using gauge corrections due to U(1); and U(1), respectively. The suppression

. ) ) ) . C )
factor for first-generation fermion masses to second-generation is . For in-

(0)

stance, the loop integration factor with the condition My > mp > m; "’ can be

expressed as

2 2
bo|Mx,my | —bg|Mx,mp| ~ —= In —. 2.49
0[ X 3] 0[ X F] M)Z{ M)Z( ( )

The suppression factor will be

G &My

(2.50)
2 2
Cy &1 Mx,

Thus, two U(1)s with My, > My, can lead to hierarchical masses of first and
second generations despite both being generated at 1-loop. The hierarchy be-
2
tween them will be proportional to % A suitable choice of U(1); x U(1),

X2
charges and an explicit model that can achieve this is discussed in chapter 3.

It was straightforward to obtain hierarchical loop-induced masses for first
and second-family fermions for two U(1) case. However, for the aforemen-
tioned SU (3) framework, obtaining hierarchy between the first two generation

fermion masses is a non-trivial task and will be explored in detail in chapter 5.

Another possibility, the second way, requires a framework in which second-

generation fermion masses arise at the 1-loop level, and first-generation gets
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mass through higher-order corrections. Such a scenario, in which relatively

suppressed first family masses can be obtained, is discussed in chapter 4.

2.3 Symmetry analysis

Examining the symmetries involved provides valuable insights into how the
assumed structure of the mass Lagrangian, combined with gauge interactions,
results in mass generation for three generations of chiral fermions at subse-
quent orders in the perturbation theory. This section demonstrates how this
approach aids in determining the precise characteristics of gauge interactions
and the parameters within the mass Lagrangian necessary for obtaining a spe-

cific flavour spectrum.

Initially, in the absence of £,, and Ly, the kinetic terms and any flavor-
universal gauge interactions, like those found in the SM, exhibit invariance un-
der a global U(3); x U(3)g symmetry. This symmetry is broken by nonzero
values of y; and pp, as demonstrated by £,, in eq. (2.4). Nevertheless, it is
possible to perform an U(3),  transformations that transform pj p into the
configuration (0,0,x), with “x” representing a nonzero value. Consequently,

the mass terms in eq. (2.4) leads to:

pr#0, pr#0
———

UB)rxU3)r U2)LxU(2)g- (2.51)

This accidental U(2); x U(2)g symmetry is responsible for the emergence of
two massless states, corresponding to the fermions of the first and second-
generation fermions. In the physical basis, denoted as f; x = L{L(’OIQJr fi r» the

symmetry of £,, becomes more apparent.

Subsequently, should the complete theory maintain invariance under the
U(2)r x U(2)g symmetry, the perturbative approach cannot produce nonzero
masses for the lighter generation fermions. In this context, the symmetry is

broken using the gauge interaction Lagrangian Ly as specified in eq. (2.1). At
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the leading order, Ly is:

—z:§?) = gx X, ((QEO))ij}_[LiV”ij + (Qz(zo))ijJ_CRiVMij) + O(p), (2.52)

with Qg)z)z is upper-left 3 x 3 block of the matrix Q(L(’)I){ given in eq. (2.13) and

have the form:
0

0
Qe = Urx arUpk- (253)
Only for specific choices of q; r leading to Qg)z)z = Diag.(¢,9,9’), the gauge in-
teractions in Lx do not break U(2); x U(2)g symmetry. However, for generic

0)

choices of g; g this symmetry is broken by Lx. The expression for UL(’R in
eq. (2.11) includes an arbitrary unitary rotation matrix VL[,IRZ], which mixes the
first two generations of fermions. As a result, when substituted into eq. (2.53),
the elements (Qioz)z) depend on these arbitrary mixing parameters, making
them unphysical. -

In the mass Lagrangian at the 1-loop level, the breaking of U(2); x U(2)g is

(1)

evident. Nonetheless, the corrected mass matrix Mij reinstates an incidental

U(1)p x U(1)g subgroup from the initial symmetry,

U2)x U(2)g 2%, (1), x U(1)g, (2.54)

leading to a massless state. Once more, this symmetry can be more readily

articulated within the physical basis. It is defined by the transformations:

fi1 = € i1, frn— €R fry. (2.55)

The subsequent generation of non-vanishing mass for the first family fermions
at higher loops involving X-boson requires the breaking of this symmetry in
Lx. Following 1-loop correction, the relevant charge matrix in the new physical
basis is:

o =u g Ul (2.56)

The invariance of gauge interactions under unitary transformations given in

eq. (2.55) indicates that (le){) and (QSIZ) should equal zero. Computing
"~ 12 13
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explicitly le){, we find [77]:
(@), = o (o, 01, - (o, (1),

(912 —q11)(qr3 —911) (ﬂm (1) it (. (1) )
= —|\U -—\U . 2.57
VN (413 —49r2) P‘L3( g )32 I/‘LZ( L )22 (2.57)

The first line is derived by leveraging the orthogonality of the columns of U(l),

whereas the subsequent line results from eq. (2.46). Similarly,

(12— q11) (913 —911) (ﬂLl () HrL1 () )
= — U -—|U , (2.58
(QL )13 VN (QLE; - qu) H13 ( L )33 |23 %) ( L )23 ( )

07), = - (o), ()~ (0" 01, - 259

33

Analogous expressions for (Qg))“ can be derived by following the procedure
outlined above. !

For q13 # q», it can be observed that (Q£1))12,13 tend to zero in the limits
of either q;1 — qr2, 911 — qr3, or yr; — 0. Thus, to ensure the breaking of the
accidental U(1); x U (1) symmetry, it is essential to have fully non-degenerate
flavour charges q; g along with non-zero values for (y r);. This has an impor-

tant consequence for inducing masses for massless states at the next leading

order.

Additionally, it can be observed from the £,, that if either pj; or uy; is equal
to zero, the corresponding f/; or f;. remains unmixed with the other fermions.
Since both the mass Lagrangian and gauge interactions exhibit invariance un-

dera U(1); or U(1)y transformation :

flryi = einL’(R)Z., (2.60)

such symmetry is preserved from quantum corrections, resulting in a fermion
that remains massless at all levels. Consequently, it is essential for all y;; and

UR; to be non-zero in the current framework.
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= ~ \<h10> <1L711/> - -

o / v / !
jHJ Vi Fr Fr, \ J1i
> >

o 'Y

Figure 2.2: Scalar induced fermion self-energy correction at 1-loop.

2.4 UV completion of y; z and implications

It was earlier mentioned that y;; and pg; can be treated by spurions. In this
section, we consider them as complex scalar fields denoted h;; and hg; respec-
tively. Both h;; and hg; are non-trivially charged under the U(1)f. The explicit

charges can be determined from the Yukawa interaction Lagrangian:
Ly = VL ]_(Li hp; Fx + yri Fp hgi fri + mpF Fp +h.c.. (2.61)

Here y; g; can be identified as usual Yukawa couplings. For VL fermions as

neutral under U (1), the charges of h;; and hg; can be written as:

qhu - QLi' thi = _QRi ’ (262)

For the most general choices of q; r;, the scalar potential allows a term propor-
tional to (hzihu) (h;r{thj). The presence of this mixing can also contribute to the
mass matrix at the 1-loop level. The explicit diagram can be seen in Fig. 2.2.
It can be seen that, such contribution can be neglected for negligible mixing

between h; and hp; [61, 62].

The presence of the multiplicity of the scalars and their couplings being
not equal to the physical masses leads to various flavour-violating couplings
among the chiral fermions. To evaluate the explicit couplings, we go to the
physical basis of the scalars. Denoting /;; and fg; as the electrically neutral

components of h;; and hy; fields respectively, their 6 x 6 mixing matrix can be
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expressed as:

2 2
mryp Mrg

M,f[ ) ) ] (2.63)
Mgr  MRR

This is a real symmetric matrix with entries mfjp, (P,P" = L,R) each of 3x3
dimension. It can be diagonalised by a real orthogonal transformation matrix

R, which will have the form;

Rir Rir
Rrr Rrr

R = (2.64)

The resulting physical neutral scalars S,, obtained through the aforementioned

transformation, exhibit the following structure
Sa =R hy, (2.65)

with h, = ( hy; hg; )T anda,b=1,2,..,6.

The interaction of physical neutral scalars with the chiral fermions in the

mass basis can be expressed as:

Ly = ()i fui SaFr + (7R)iaFr Su fri + o(ﬂ,"—R), (2.66)
mgp Mg

with,

- 0)t
(PL)ia = Z(UL( ) )ij v (Re)jas
j
< 0)T
(FR)ia = Z(UI({ ) ) Yrj (RR)ja- (2.67)
- 1]
)
In the above, R; = ( R;; Rir ) and Rrp = ( Rg; Rgr ) are the 3 x 6 sub-
matrices of R. The presence of the above interactions also contributes to the
self-energy corrections of the fermions at the 1-loop level, which is diagram-

matically similar to Fig. 2.1 with X boson replaced by physical scalars S,. The
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amplitude of this diagram has the form:

($) _ __"bp . -
%ij T TTen2 ;(VL)M (9R)ja Bolmsa, mr], (2.68)

with Bg[mg,, mp| as two-point Passarino-Veltman function. Corrections to the

mass matrix can be written as;

(6M));; = (UIEO)G(S)UZ(QO)-I-)”
1]

Mg

- 1672 (yL)i (yR)j ;(RL)ia (RR)jaBo[mszp] . (2.69)

Also, these corrections, when added to the mass matrix given in eq. (6.22) can
potentially induce the first-family fermion masses at the 1-loop level only, and
the suppression requirement compared to second-generation fermions asks for
a separate mechanism. Adding the scalar contributions also introduces several
other potential parameters that are unconstrained and thereby lose the com-
putability of the novel mechanism. Therefore, it is desirable to make these

contributions negligible.

Now expanding, eq. (2.69) and using eq. (2.64), we obtain:

3
(5M(S))z‘j = —%@L)i(yla)j Z(RLL)ik(RRL)jkBO[mSk:mF]
k=1
6
+Z(RLR)in (Rgrr)jnBolmsu, mg] |- (2.70)
n=3

It can be seen that both the terms in the above expression are suppressed
by off-diagonal entries Ryg or Rg;. The smallness of these entries can be at-
tributed to small mixing between h;; and hg;, and/or (h;;) < (hg;). We assume
such an arrangement in our subsequent chapters to neglect the scalar-induced

contributions.
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2.5 Summary

This chapter explores the general aspects of the radiative mass generation mech-
anism using a toy framework with three generations of chiral fermions and
a pair of VL fermions. The chiral nature of the fermions, along with an ex-
tended flavour symmetry, is used to construct a scenario in which only third-
generation fermions and VL states are massive. The chosen flavour symmetry
is a gauged Abelian symmetry. It is shown that only flavour non-universal
Abelian symmetries can accommodate the radiative mass induction mecha-
nism. Additionally, at the one-loop level, corrections can induce masses for
only second-generation fermions, while the first generation remains massless.
Generating a small radiative mass for the first-generation fermion requires ex-
tending the gauge symmetry or including higher-order effects. Such scenarios

are explored in the following chapters.



Flavour hierarchies from the quantum

corrections in an Abelian model

We construct an explicit renormalisable model based on two flavour nonuni-
versal abelian gauge symmetries, which is shown to reproduce the observed
fermion mass spectrum of the Standard Model through the radiative mass gen-
eration mechanism. As discussed in the context of the toy model, the third-
generation fermions are allowed masses at zeroth order. In this chapter, we
show that the framework leads to hierarchical loop-induced masses for the first
and second-generation fermion masses, although both are being generated at
1-loop. The explicit model which achieves this is constructed by taking the
all-fermion generalization of the well-known leptonic L, —L; and L, - L, sym-

metries.

The rest of the chapter is organized as follows. An explicit model based
on the findings of the toy model of the previous chapter is outlined in section
3.1. In section 3.2, we give example solutions which reproduce the observed
fermion mass spectrum and discuss the various phenomenological implications
in section 3.3. We discuss the possible flavour changing neutral currents (FC-

NCs) arising from the scalar sector in section 3.4.
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Fields (SU(3).xSU(2).xU(1)y) U(1); U(1),
Qr, (3,2,%) {0,1-1}  {1,-1,0)
UR, (3,1,3) {0,1,-1}  {1,-1,0}
dg, (3,1,-2) {0,1,-1}  {1,-1,0)
7 (1,2,-1) {0,1,-1}  {1,-1,0}
er, (1,1,-2) {0,1,-1}  {1,-1,0}
H,, (1,2,-1) {0,1,-1}  {1,-1,0}
Hy, (1,2,1) {0,1,-1}  {1,-1,0}
i (1,1,0) {0,1,-1}  {1,-1,0}

Ty, Tr (3,1,3) 0 0

B, Bg (3,1,-%2) 0 0

E;,Ex (1,1,-2) 0 0

Table 3.1: The SM and Gp charges for various fermionic and scalar particles in the
model are presented. The indices i = 1,2, 3 signify the three generations, with their
corresponding charges under the extended U (1) given by {41,4,43}-

3.1 Model Implementation

As outlined in the previous chapter, the suggested framework necessitates at
least two U(1) symmetries, wherein the three generations of Standard Model
quarks and leptons are assigned distinct charges. Consequently, we extend the
gauge symmetry of the SM by Gr = U(1); x U(1), for this model. Besides
the three SM generations of quarks and leptons, characterized respectively as
Qui~(3,23), uri ~ (3,1,5), dri ~ (3,1,-3), Wi ~ (1,2,-1), and eg; ~ (1,1,-2),
we incorporate three copies of a Higgs doublet pair: H,; ~ (1,2,-1), Hy; ~
(1,2,1), and the SM singlets denoted by 7; ~ (1,1,0). Additionally, each sector
includes a pair of vector-like (VL) fermions: T; g ~ (3,1,%), Brr ~ (3,1,—%),
and E; g ~ (1,1,-2). The expressions in brackets specify their transformation

characteristics under the symmetry group Gsyr = (SU(3),SU(2), U(1)y).

Within the newly proposed Gy = U(1); x U(1), symmetry, fermions and
scalars from the first, second, and third generations are assigned charges of
(0,1), (1,-1), and (-1,0), respectively. Hence, U(1); correlates with the so-
called “2 -3 symmetry," while U(1), is associated with “1 —2 symmetry." These
symmetries represent generalizations of the L, — L; and L, — L, symmetries,
which have been explored in the lepton sector within the literature [91-93].

The VL fermions are chosen neutral under Gp. The charges of fermions and



3.1 Model Implementation 41

scalar fields under the SM and Gp are detailed in Table 3.1. Verifying that Gp
remains non-anomalous is straightforward, as pairs of fermions and scalars are

assigned equal and opposite charges for each U (1) symmetry.

The general renormalisable scalar potential of the model, which maintains

invariance under the SM gauge symmetry and G, is expressed as:

V. = myH}Hy + mj; HyHy; + m%i”jﬁi

{ Myay)iik €ijk MiFujHax + (my)ijx €ijk77i’7j77k+h-c~}

(Aw)ijHYH, H+ Hyj + (Aa)ij H;szzHJr Hyi + (A )ij’7;r’7i’7;r’7j
(Aua)ij HiiHuiHY Haj + (Auy)ij HugHuing 1y + (Aay )i HiHain 1
(X.)i HH, H+H +(id)in:1-injH;dei
(
{

+ o+ 4+ + o+ o+

M)ty Hoi i H Hag + (L) iy HiHugnf i+ (Ray )i Hi Hagn i
@

udr] ij 771 uz77] Hd] + (iudq)ij UjHujW;Hdi + h-C-} ’ (3-1)

where, 7,7,k = 1,2,3 are the flavour indices. The diagonal entries in each of the
A matrices can be set to zero without affecting the generality of the analysis.
We consider the general vacuum expectation values (VEVs) for different fields
which leads to the breaking of all symmetries except for the SU(3)c and U(1)
associated with electromagnetism. Considering the existence of numerous pa-
rameters within eq. (3.1), we assume that such a minima can be obtained for a

suitable choice of their values. Explicitly, VEVs are defined by

(Hy)=vyi,  (Hap)=vai, (i) =vy, (3.2)

The potential, in its general form, does not exhibit any enhanced global
symmetry. Consequently, it does not lead to the emergence of new Goldstone
bosons beyond those associated with the spontaneous symmetry breaking of
the SM and G symmetries, which are absorbed by the massive bosons W,
Z,and Z;,. A global SU(3) symmetry is present if all quadratic, cubic, and
quartic couplings are flavour universal, reflecting invariance under the trans-

formation ®; — U; ]CD] where @ represents H,, H;, and 1. Additionally, if the
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parameters 1,4, iuq, jdﬂ’ Audns iudq: M, 4y, and m,, are zero, the scalar poten-
tial can have an enhanced [U(3)]® symmetry, enabling independent rotations

tor H,, Hy, and #.

3.1.1 Charged fermion masses

The most general renormalisable interactions involving fermions and scalars,
which remain invariant under the SM gauge symmetry and Gg, can be ex-

pressed as:

~Ly = 9u;QriHui Tr + 1 T} igi + Ya; Qi Hai Br + 9 BLit; dri
+ 9e; Wi Hai Er + e, EL7j egi + hic.. (3.3)

The interaction of two SM fermions with the Higgs fields is forbidden by the

invariance under Gp. Vector-like fermion masses are characterized by:
_['m = mTTLTR + mBB_LBR + mEE_LER + hC (34)

The spontaneous symmetry breaking of Gp via the VEVs of #; and H,; 4; leads
to 4x4 mass matrices for the charged fermions, which are structurally identical

to the matrix described in eq. (2.5). Specifically,

0
Mu,d,e - , (ﬂu’d’E)&(l ) (35)
(l’lu,d,e)lx3 Mt B.E
where
Hui = YuiVuir» Kd; = YdiVdi» MHei = YeiVdi, (3.6)
Hui = YuiVn;r Hai = YaiVn;r Hei = YeiVn;» (3.7)

and VEVs v,;,v;; and v,; are defined in eq. (3.2). Here the repeated indices
are not summed over. The effective 3 x 3 mass matrix in each charged fermion

sector, analogous to eq. (2.6), is

M(O) =— !

u,d,e

wir g e Fude (3.8)
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The above matrices are of rank one and are responsible for giving masses to
the third-generation charged fermions. Thus, at the tree level, the Yukawa sec-
tor exhibits a global U(2)> symmetry, corresponding to massless first and sec-
ond generations. This symmetry doesn’t commute with the flavour-dependent
gauge symmetries and is completely broken if all three SM fermion genera-
tions carry distinct charges under the new symmetries, as explained in chapter
2. Therefore, the gauge boson-induced loop corrections generate the masses for

lighter fermions.

Using the method described in the preceding chapter, eq. (2.47), one can
derive the 1-loop corrected effective 3x3 mass matrices pertinent to the charged
fermions as follows:

My = oMy + M\, (3.9)

where f = u,d, e, with the second term expressed via eq. (3.8) is the tree-level
effective mass matrix. The 1-loop corrections do not impact the parameters y;,
#;, and mp, because the VL fermions are neutral under the symmetry group Gg.
The term 6My comprises 1-loop corrections contributed by the gauge bosons of
both the U(1) symmetries. By utilizing the specified charges for U(1); , and
applying eq. (2.48), we derive

0 0 0
2
& M(O)) _(M(O)
My = gizai| 0 roke T ).
0o —(Mm ) (M )
( VY f)ss
) ),
g22 f(O)ll (J(;) 2
— - 1
T (Mf )21 (Mf )22 E (310
0 0 0
with
Cy = (bo[Mz,, my3] - bo[Mzn:mF]) : (3.11)

Here, g, denotes the gauge coupling, while M represents the mass of the
gauge boson associated with U(1),,. The masses of the third-generation fermion

and the VL fermion in each respective sector are denoted by m 3 and mp.
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The mass matrix My for charged fermions, as defined in eq. (3.9), together
with the expressions in eq. (3.8) and (3.10), describes the 1-loop corrected mass
matrix in this model. Each contribution from 6M generated at 1-loop is of rank
one and contributes separately to the masses of the first and second generation
fermions. The hierarchy between the masses of these lighter generations can be
regulated by choosing M, < My, as discussed in the previous chapter. This

suppression consistently applies to all charged fermions.

In deriving eq. (3.10), we have restricted our analysis to 1-loop corrections
arising solely from the gauge boson loops. Within this framework, additional
radiative corrections might result from the loops involving the emission and
absorption of scalar bosons. Such contributions require mixing between the
scalar fields #; and H,,; 4;, which specifically couple to the right and left-handed
chiral fermions, respectively. As discussed in section 2.4, these corrections can
be suppressed by assuming minimal mixing between the #; and H,; 4; fields

[62].

We have also assumed the absence of kinetic mixings among different U(1)
groups. Should such a mixing exist through a term like €F; ,, F,"” where F; ,
denote the field strengths associated with Z; , bosons, it could induce the mass
of first-generation fermions via 1-loop diagrams involving the Z; boson. This
is because an effective induced coupling of magnitude €g; emerges between
first-generation fermions and Z;, after the kinetic mixing term is appropriately
transformed to obtain the physical gauge bosons (refer to [94] for more details).
In such scenarios, both the first and second generations would derive mass from
the Z; loop; however, the former would experience additional suppression by
a factor of €2. Consequently, if € < Mz, /My, the presence of kinetic mixing is
not anticipated to disrupt the hierarchical mass structure between the first two

generations within this model.
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3.1.2 Neutrino masses

While the primary objective is to elucidate the mass hierarchies of charged
fermions, we briefly discuss the potential for neutrino mass generation in this
framework. A straightforward approach is to incorporate three right-handed
(RH) neutrinos, which are singlets with respect to both the SM gauge symmetry
and Gg. These RH neutrinos can acquire Majorana masses. The gauge-invariant
and renormalisable interactions in this model can be expressed as:

— 1 _
_ﬁv = yDij \I]LiHui VRj + EMRij V};ic lij +h.c.. (312)

When electroweak symmetry is broken, the Dirac neutrino mass matrix is gen-
erated as Mp;; = yp;;Vy;- In instances where M, is significantly larger than Mp,
the established type I seesaw mechanism [86, 95, 96] can be applied, resulting

in the light neutrino mass matrix expressed as:
M, = -MpMz' MJ. (3.13)

In contrast to charged fermions, neutrino masses for all three generations can
generally originate at the tree level. This characteristic is advantageous because
the intergenerational hierarchy among neutrino masses is less pronounced com-
pared to those of charged fermions. The Dirac neutrino Yukawa coupling ma-
trix yp can have elements approximately of O(1), resulting in an anarchic mass
structure for M,. Consequently, this can account for the weaker hierarchy ob-
served in neutrino masses and the significant mixing within the lepton sector

[16, 17].

3.2 Example solutions

We explore the capability of the proposed framework in replicating the masses
of charged fermions and the mixing of quarks by determining numerical val-
ues for the parameters py;, V}i' mr, mg, mg, and Mz ,. From eq. (3.3), it is

apparent that the parameters vy, v,;, v, Vi, and v,; can be set to real values
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Observable Value Observable Value

m, 1.27 £0.50 MeV ", 0.487 +0.049 MeV
m, 0.619+0.084 GeV m, 102.7+0.103 MeV
my 171.7 £3.0 GeV My 1.746 £0.174 GeV
my 2.90 +1.24 MeV Vsl 0.22500 + 0.00067
mg 0.055+0.016 GeV [Vep] 0.04182 +0.00085
m, 2.89+0.09 GeV Vil 0.00369 +0.00011

Jcp (3.08+0.15) x 107>

Table 3.2: Charged fermion masses and CKM parameters evaluated at M, were em-
ployed in the fits to derive example solutions. The charged fermion masses and quark
mixing parameters are sourced from [98] and [99], respectively.

by eliminating their phases via redefinitions of the respective quark and lepton
fields. Likewise, one of the y;; parameters can also be rendered real. A similar
approach to eq. (3.4) results in my, mp, and mg being real. Additionally, we
presume all the VEVs are real. Collectively, this results in 25 real parameters
(including real p,,;, }4;1-; Ha3, l‘;lif Heis Mé,'; mr, mg, mg, Mz, Mz, and complex
Hd1, Haz) to determine 13 observables (comprising 9 charged fermion masses,
3 mixing angles, and a Dirac CP phase of the quark mixing matrix). As the
number of parameters exceeds the number of observables, viable solutions are
anticipated. However, given that masses and mixing observables are complex
non-linear functions of these input parameters, which are expected to adopt
non-hierarchical values within this model, it is not immediately clear that vi-

able solutions will materialize.

The 25 real parameters intrinsic to the framework are determined via the
standard x? function minimization approach. For the formal definition and
specifics of the x? function, refer to [97]. The function incorporates 13 observ-
ables, with their corresponding mean values and standard deviations detailed

in Table 3.2.

To precisely determine the scale of new physics, we select three distinct val-
ues for Mz, and derive a representative solution for each. The best-fit values

for the remaining parameters corresponding to each solution are provided in

Table 3.3.
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The solutions obtained align closely with the observed data, with central
values matched and a total x? < 1 for each case. Neutrino masses and lepton
mixing are excluded from the fit, as they depend on a separate set of parameters
(see eq. (3.13)). These parameters can be used to obtain realistic neutrino mass

and mixings.

Table 3.3 presents example solutions which demonstrate that the model is
capable of replicating a realistic charged fermion spectrum regardless of the
scales at which U(1); , symmetry is broken. As previously addressed, the mass
difference between Z; and Z, is dictated by the mass hierarchies between the
first and second generation fermions, leading to the ratio M%z /M 21 ~ 0(10?).
However, the precise scale of My, remains undetermined. For our numer-
ical analyses, we require that My < mr,mpg,mg. It emerges that to satisfy
my; 3> my, My, it is necessary that mr < mp,mp. The parameters py;, where
f = u,d,e, arise through electroweak symmetry breaking as delineated in eq.
(3.6); for these, we impose the conditions [yy;| < Vi and v,;,vy; < 174 GeV, re-
sulting in p¢; being approximately O(100) GeV or smaller. Conversely, py; are
produced by VEVs of U(1); ,-charged SM singlet fields and are similar in mag-
nitude to the U(1); , breaking scale. Notably, within Table 3.3 solutions, there
are no significant hierarchical disparities among various py; or l/‘}i values, im-
plying uniformity in the magnitude of the model’s dimensionless parameters.
Nevertheless, the five orders of magnitude discrepancy between the first and
third-generation fermion masses is successfully realised via the radiative mass

generation process.

3.3 Phenomenological aspects

The model presents substantial phenomenological implications as a result of
the presence of two flavourful U(1) gauge symmetries and an additional vector-
like set of quarks and leptons. These altogether introduce significant flavour
changing neutral current (FCNC) interactions among the SM fermions. Such

interactions can originate through three ways: (i) direct mediation by Z; ,-
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bosons, which exhibit flavour-changing couplings, (ii) through the SM Z-boson
combined with the mixing between the SM fermions and their respective VL
fermions, and (iii) via mediation by neutral scalars. The first can be parametrized

in the physical basis of the quarks and charged leptons as:

0\ — 0\ —
~Lz,,= Z 8k ((X]((L))ij S i +(X}R))ij fri V”ij)ka (3.14)
k=1,2

where f = u,d,e. The 3 x 3 coupling matrices can be expressed as:

k k
X =ut Uy, (3.15)

For Xj(c:), a similar expression is derived by substituting L with R. Within this
. 1 1 . 2 2 .
framework, we define q]((L) = q]([R) = Diag(0,1,-1) and q}L) = q]([R) = Diag(1,-1,0)
for all flavours f, as previously outlined. The unitary matrices Uy, and Uy, are
determined by diagonalising the one-loop corrected mass matrices My, where
U}FLMf UfR = Diag.(mfl,mf2,mf3). Due to the non-universal nature of the un-
derlying U (1) symmetries, X](Cf) and X}II:) are not typically diagonal, which can
result in significant flavour violation (FV) within both the quark and lepton

sectors.
The current associated with the Z-boson in the physical basis is obtained as:

8
2cos Oy

iy = (yg/gﬁLaVM”Lﬁ - yzﬁgLaVﬂdLﬁ — Vaplraylerp — 2sin® 9w]£m) )
(3.16)
where J%,, is flavour diagonal electromagnetic current. The 4 x 4 coupling ma-

trices are given by:

1y 0
3 ]u{ (3.17)

Where Z/{i r is the diagonalising matrix of full 1-loop corrected 4 x 4 matrix.
Using the seesaw expansion, similar form as eq. (2.41), one finds

W
yl?;:éijJrO(m—;). (3.18)

F
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It appears that the off-diagonal components are attenuated due to heavy-light
mixing. With the specific y and mp values listed in Table 3.3, it is observed that
the FCNCs mediated by the Z-boson remain significantly suppressed compared
to those mediated by the U(1); , boson.

Similarly, the FCNCs induced by the neutral scalars can be made suppressed
by considering scalars heavy. This is demonstrated in detail in section 2.4 for
the toy model, and some additional aspects will be discussed in section 3.4.
Thus, if the scalar masses are approximately of O(My; ), the FCNCs prompted
by these scalars provide secondary contributions to those mediated by the U(1);
gauge boson. Among all the solutions outlined in the preceding section, Z; is
identified as the lightest particle of the new set. Consequently, we examine var-
ious constraints on the Z; boson, specifically from the processes that include
quark and lepton flavour-changing transitions. For reference, the numerical
values of various X}((Ll) and X](f;) for a representative solution (S2) are provided

below.

[ _0.0074 0-0.4054i —-0.0194 |
XV =10+0.4054i 00573  0+0.9123i|,
| -0.0194  0-0.9123i  —0.0499 |

0.0043  0-0.0660i —0.0002 |
X =1040.0660i 09857 04 0.1405i|,
20.0002  0-0.1405i  —0.9900

0.1760  0-0.3893i 0-0.1765i
Xﬁi) =(0+40.3893i -0.0890  0.8911 |, (3.19)
0+40.1765i  0.8911 ~0.0871

0.9796  0-0.1996i 0+ 0.0040i]

1
XéR) =10+0.1996i —0.9604 0.1378 |,
0-0.0040i  0.1378 -0.0192 |

0.9999  0-0.0108i 0—0.0007i]

1
xV =l0400108 04051  -0.4909 |,
0+0.0007i —0.4909  -0.5948 |
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0.4529  0-0.4878i 0+ 0.1450i
Xé;) =10+0.4878i  0.2124 -0.6282 |. (3.20)
0-0.1450i —0.6282 ~0.6653

3.3.1 Quark flavour violation

Due to the presence of flavour violating couplings with the quarks, the Z; bo-
son mediates the meson-antimeson mixing at the tree level itself. To evaluate
these contributions for KO—EO, Bg —Eg, B? —Ef and D° —50, we use the effective
operator-based analysis (see for example [100]) and quantify the new contribu-
tions in terms of the well-known Wilson coefficients (WCs). In the context of
MO-M' mixing, the effective Hamiltonian corresponding to AF = 2 transitions

is expressed as:
5 3
Hoff = ZC}M@ + Z%Qi' (3.21)
i=1 i=1

with M = K,By,B;,D. Subsequently, we use the limits on these coefficients
obtained from a fit to experimental data by UTFit collaboration [100] to derive

constraints on the mass scale of Z; boson.

For K9~ K’ mixing, the detailed forms of the operators can be found in [100,
101]. By integrating out Z;, the contribution to the WCs Ck and Ck at the scale
p = My, is determined [102].

2 2 2 2
81 (1) 1 81 (1)
K M%l )i K M%l dr )i,
2
& (1) (1)
Cy = - —(X ) (X ) . 3.22
K M%I A Jip\Tdr )y (3.22)

The coefficients CI2<'3’4 and 61253'4 are vanishing at this energy scale, p = My, .
To compare with experimental data, it’s necessary to evolve these coefficients
from p = My to yp = 2 GeV. This evolution is carried out using the renormal-
isation group evolution (RGE) equations outlined in [101]. The RGE analysis

. 2,3 ~2,3 .
reveals that it generates non-zero values for C%, whereas Cy” and Cy” remain
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W.C. Allowed range S1 S2 S3

ReCy  [-9.6,9.6]x10713  -2.7x10° -1.2x1071® -2.5x107!®
ReCp  [-9.6,9.6]x10713  -1.0x10° -3.2x107* -2.3x107!®
ReCg [-3.6,3.6]x1071>  8.6x107° 33x10713  1.4x107Y
ReCy; [-1.0,1.0]x107*  7.5x107° 2.7x10713  1.1x107Y7
ImCy  [-9.6,9.6]x10713  1.5x1072%  -51x107%7  4.4x1073!
ImC}, [-9.6,9.6]x1071% 1.4x107%* -1.8x107% -2.7x1073!
ImCg  [-1.8,0.9]x1077 -29x1072 1.7x1072°0  -4.0x1073!
ImCy [-1.0,1.0]x1071* -2.6x1072  1.4x10720 -3.1x1073!
ICp| <2.3%x10711 1.4x10710  26x107%  6.1x1071°
|c~§d| <2.3x10711 9.7x 10713 1.4x10717 7.8x10720
IC,| <2.1x10713 2.9x10711 1.5x10°1  6.0x1071°
|C5 | <6.0x10713 5.1x10711 2.6x1071° 9.4x1071°
IC3 | <1.1x107° 49%107° 6.6x10713 1.3x10717
IC3 | <1.1x107° 7.6x10710 1.6x10714 1.4x10°18
ICh | <1.6x107!1 47%x107° 2.7x10713 1.2x10717
IC3 | <4.5%x10711 8.2x107° 4.4%x10°13 1.8x10717
ICD)| <7.2x10713 3.0x107° 1.3x10713 2.4x10717
ICL <7.2%x10713 8.9%x 10712 3.5x1071° 44x1071°
I3 <4.8x10714 6.1x10710  85x107%  1.3x107
IC3)| <4.8x10713 7.1x10710 9.5x10714 1.4x10717

Table 3.4: The estimated strength of several WCs relevant to meson-antimeson mixing
is presented for three example solutions, alongside the experimentally allowed range
at a 95% confidence level from [100]. All measurements are expressed in GeV~2. The
coefficients highlighted in green are within the experimental limits, while those in red
are outside the permissible range.

zero at the low energy scale. The values of the coefficients after RGE running
are presented in Table 3.4, where they are compared with the experimentally

permissible ranges determined by the UTFit collaboration’s analysis [100].

For B, —Eg (g9 = d,s) mixing, the relevant WCs at 4 = M, can be obtained

from [102], and are expressed as:

2 2 2
81 (1) =1 81

cl = —[(X ) ] , C :—[(X
S 7O AR T B VT

[~

2
11{))13] ’

(3.23)
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and

2 ) 2 2
81 (1) E &1 (1)

G = 2 [(XdL ) ] ' Co =2 [(XdR ) ] ’

7 23 le 23

2
81 (1) (1)
Cp. = - —(X ) (X ) : 3.24
B Mél dy 23 dg 23 ( )
The coefficients are evolved down to y = M, = 4.6 GeV as described in [103].

. . . . —0
In a similar manner, for charm quark mixing, which dictates the D — D

oscillations, the Wilson coefficients at the scale M, are specified by

2 2 2 2
&1 (1) ~1 81 (1)
b M%l Y b M%l R 12
2
& (1) (1)
C) = - —(Xu ) (Xu ) . 3.25
b M%l VAN D) ( )

They are also run down to the relevant low scale y = 2.8 GeV using the RGE

equations given in [100].

In Table 3.4, we present the values of the WCs at relevant hadronic scales
for the three benchmark solutions and compare them against their experimen-
tal limits. It is observed that meson-antimeson mixing constraints significantly
restrict the mass of the Z; boson, as it generally exhibits O(1) off-diagonal cou-
plings with quarks, which can be seen from eq. (3.19). Solutions S1 and S2 are
not favoured, indicating that M 7, 2 10 TeV for the solutions to remain con-
sistent with phenomenological requirements. Consequently, the model fails to

explain the neutral current B anomalies, which generally demand My, to be no

more than 2 TeV, as noted in references [104, 105].

3.3.2 Lepton flavour violation

The flavourful Z; mediates charged lepton flavour-violating processes such as
p — e conversion in nuclei and /; — 3I; at the tree level. Additionally, processes
like I; — I; occur at the one-loop level, involving Z; and charged leptons in

the loop. In this subsection, we evaluate the constraints on Z; imposed by these
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processes.

In the field of a nucleus, muons can have transition to electrons via flavour-
violating couplings between y and e mediated by the Z; boson. The most strin-
gent limit on this process is established by the SINDRUM II experiment, which
utilizes a '%” Au nucleus [106]. The branching ratio for this process, as calcu-

lated in [107], is given by:

2G?

BR[p — e] = (V)2 (Igflxyz)l2 + |g§’§2|2), (3.26)

wcapt
where V(%) is termed as overlap integral, which involves proton distribution for

a given nucleus and wc,p; is the muon capture rate by the nucleus. The function

gg,)’RV is given by

d
ggf),Rv = Zgy\l/),Rv + g£V),RV' (3.27)

In the limit Mz, > m,, for Z; mediated contributions, the above couplings are
given by [102]

(q)Nﬁg_f (1) l[ (1) ( (1)) ]
v G M2 (XeL )122 (X% )11+ X' ) | (3.28)

with g = u,d. Similarly, gl({q\; can be obtained by replacing L <> R in the above
expression. Substituting eqs. (3.28,3.27)in (3.26) and using v(P) =0.0974 mzﬁ,
Weapt = 13.07 x 10°s7! for %7 Au from [107], we estimate BR[p — e] for the so-
lutions obtained and list them in Table 3.5. For comparison purposes, we also

include the most recent experimental limit on BR[y — e] in the same table.

Next, we estimate the branching ratios for the process y — 3¢, T — 3u and
T — 3e by following [102, 109]. The relevant decay width for /; — 3I;, estimated

neglecting sub-leading terms proportional to m,, is given by

4. .5
&M, ‘ ’
1

2

2)(‘(Xev)jj‘ +‘(X3A)]~,-‘2)], (3.29)

+ 3(‘(Xev)ﬁr+‘(x‘”‘)f"’
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LFV observable Limit S1 S2 S3
BR[p — €] <7.0x10713  26x10% 3.9x1071> 1.8x107%3
BR[y — 3¢] <1.0x107'12  1.0x10™° 4.2x107'® 2.0x107%
BR[t — 3] <21x107%  1.7x10% 2.8x107"7 1.8x107%
BR[t — 3¢] <2.7x107%  23x1071% 69x1071® 7.5x1073°
BR[y — ey] <4.2x10713 1.0x1071% 3.8x107'8 3.8x107%
BR[7t — puy] <4.4x10% 3.7x107'2 1.1x107' 3.8x107%
BR[7 — ey] <3.3x107% 25x1071* 2.0x1072° 8.0x10732

Table 3.5: Estimated values for differently charged lepton flavour violation observ-
ables are provided for the three benchmark solutions, along with current experimental
limits set at a 90% confidence level. These limits are obtained from [108]. Values high-
lighted in green indicate compliance with experimental constraints, whereas those in
red signify violation.

where

(3.30)

e — %R

ey o = %(Xu) +X<1>)’

are couplings for vector and axial-vector currents, defined in eq. (3.14), respec-
tively. Using the above expression, the obtained values of BR[l; — 31;] for the
example solutions are given in Table 3.5 along with their respective experimen-

tal constraints.

Unlike the previous flavour-violating decays, the decays like I; — ;) arise
at the 1-loop level. We calculate these decay processes by taking into account
stringent constraints on BR[y — ey]. The corresponding decay width can be

written as [110]

agt mj ’ i
_ 1 j i V2 Y2
I‘[lz —> l]y] = H 1- m—lz —émli (lCLl —+ |CR| ), (331)
i 1
with a as the fine-structure constant. Also,
vy _ (1))*( (1)) ( (1))*( (1))
/= X, X, +(Xe Xe
L ;le( TN ik KR AN it
DY 1 D\
+ (ngR)). (Xe(L)). yRL—i_(XéL)). (Xe(;)) yLRl' (3.32)
jk ik jk ik

and c;f can be obtained with replacement L < R in the coupling matrices ap-
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pearing in the R.H.S of eq. (3.32). Qj denotes the electromagnetic charge quan-
tum number of /; lepton. The explicit forms for the loop functions y;;, Yrr, ¥rr,
and yg; are available in [110]. Computed values for BR[y — ey], BR[t — uy],
and BR[|t — ey] using these formulations are presented in Table 3.5 for three

illustrative solutions.

Tabel 3.5 reveals that the most stringent constraints on the flavourful Z;
interactions originate from p to e transitions and processes of the form I; — 31,
both of which occur at the tree level. Additionally, the process y — ey imposes a
comparable restriction on Mz . These lepton flavour violation (LFV) processes
exclude My, values up to 10 TeV, rendering the benchmark solution S1 less
favourable. A comparison of the values in Table 3.4 and 3.5 shows that LFV

. . -0 . .
constraints are less severe compared to those derived from K°— K oscillations.

3.3.3 Direct and electroweak constraints

The flavour violations in the quark and lepton sector put strong lower bounds
on the masses of new particles which often supersede the direct search con-
straints. For instance, recent findings from the LHC indicate M z, > 5.15 TeV
for a Z; boson with O(1) flavour-diagonal interactions with the SM fermions
[111]. This threshold rises to Mz >7.20 TeV if Z; has generic diquark interac-
tions [112]. Similarly, existing direct search constraints on vector-like fermions
suggest mp > 1.57 TeV [113, 114] and mp > 1.31 TeV [115, 116]. As evident
from Table 3.3 and prior subsection results, these constraints are considerably

weaker than those imposed by FCNC:s.

In the present model, a different set of constraints emerges due to the mix-
ing of Z and Z ,, as the Higgs fields are charged under both the SM and the
extended gauge symmetries. This mixing can be described, following the ap-

proach in [117], using mixing angles given by

81,2 My, \°
sin6; , = ' ( Z ) ) (3.33)
/gZ +gl2 ]VIZL2
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where ¢ and ¢’ represent the coupling strengths of the SU(2); and U(1)y gauge
interactions, respectively. Within this framework, the hierarchy between first
and second-generation fermion masses requires My; < My,, which in turn
implies that 6, <« 6; < 1. This indicates that the major effects arise from the
Z -7, mixing. This mixing introduces flavoured non-universal couplings to the
SM fermions through the Z boson as well, but these are attenuated by a factor

of M%/M%1 relative to the couplings of Z;.

The Z -7, mixing modifies the SM p parameter which is precisely measured
along with the other electroweak observables. At the leading order in 6, the

correction to the p parameter can be obtained as [118]

2 2
M
&1 z ) . (3.34)

Ap = g2+ g7 (le,z
Based on the global fit result, p = 1.00039 + 0.00019 [99], it can be deduced
that Mz, > 4.5 TeV assuming g; = 1. Any non-zero mixing between the Z and
Z; bosons influences the Z boson’s couplings with neutrinos, which can be re-
stricted using the invisible decay width of the Z boson, leading to a constraint
expressed as My /g, > 0.95 TeV [119]. The mixing between Z and Z; also
results in flavour non-universal couplings of the Z boson to leptons, causing
lepton flavour universality violation in Z boson decays. This violation is strin-
gently constrained by LEP data, which leads to R = 0.999+0.003 [99], where R
represents the ratio of the partial decay widths of the Z boson into an electron
pair to those into a muon pair. At first order in 61, the deviation of R from unity

due to new physics contributions is specified by [119]:

AR = 4g, sin0, gcosOy — 3¢ sin Oy

. (3.35)
(gcosOy —g’sinOy)* + 4g7 sin Oy

The LEP limit consequently implies that Mz /g; > 1.3 TeV.

To summarize, the restrictions derived from direct searches and electroweak
precision measurements are, at minimum, two orders of magnitude less strin-
gent compared to those imposed by quark and lepton flavour-violating interac-

tions. The different constraints examined in this section propose a minimum
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bound of My, /g; > 10> TeV for the generic feasible solutions ascertained in the

current model.

3.4 The scalar induced FCNCs

The model contains scalars H,;, Hy; and #;, with the former two charged un-
der both the SM and the G gauge symmetry. The SM singlet #; dominantly
breaks the Gy symmetry. The weak doublets H,; and Hy; are responsible for
breaking the electroweak symmetry, leaving U(1) electromagnetism as a con-
served symmetry. The breaking of the gauge symmetry leads to several elec-
trically charged and neutral physical scalars. Since charged scalars explicitly
couple to left-chiral fermions, they don’t take part in the loop mass generation
mechanism. However, the neutral scalars can contribute to the charged fermion
masses through loops. Such contributions can remain relatively suppressed un-

der reasonable conditions as discussed in section 2.4.

It is evident from the scalar potential written in eq. (3.1), the neutral scalars
mix among themselves. This, along with the non-diagonal nature of the tree-
level fermion mass matrix, leads to various flavour-violating couplings of scalars
with the SM fermions. In this section, we obtain reasonable conditions under
which these scalar-induced FCNCs will be suppressed. Identifying the elec-
tromagnetically neutral scalars present in H,;, Hy; and #; as hy;, hy; and #;,

respectively, their mass term can be parametrized as
N wox
(M )ab h,hy, (3.36)

where a = 1,...,9 and /1 = (hui,hdj,nk)T. The 9 x 9 symmetric neutral scalar

mass matrix, denoted by Mﬁ, can be expressed using 3 x 3 block matrices as

m%lu mid m%li]

2 __

My =\ (m )" my,  my | (3.37)
(m2,)T (m3 )T m,
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These parameters are derivable from the scalar potential and are functions of
various parameters, present in eq. (3.1), as well as the VEVs of H,;;, H;;, and #;.
Typically, one can determine the physical neutral scalar states h, by performing

diagonalisation on Mﬁ Specifically, we define
fla = (Rh)ahhb) (3.38)

where Ry, is an orthogonal matrix such that Rl M?R;, = Diag.(mi1 e mig ). While
the typical mass scale for scalars is O(My ), one scalar must account for the de-
tected SM-like Higgs boson with a mass of 125 GeV [9]. Minimally, the light-
est of the neutral scalars, h;, can fulfil this purpose. This scenario requires
Det.Mﬁ < M,?, demanding precise tuning of the parameters within the scalar

potential. Considering the numerous indeterminate parameters in the scalar

potential, we presume that achieving this configuration is feasible.

As mentioned earlier, the scalar mixing and the feature that Yukawa cou-
plings are not proportional to the masses for the SM fermions in the under-
lying framework lead to flavour-changing transitions mediated by the neutral
scalars. For example, consider the interactions with the up-type quarks in eq.
(3.3).In the physical basis, they lead to the following flavour changing interac-

tions between the SM up-type quarks and neutral scalars at the leading order.

[(UF) pui(Ra)ia(pRUE) + (U 1) 9tk (Ryka (U)o | Frmhtati
+h.c., (3.39)

where U}’ are unitary matrices which relate the mass and interaction basis of

the up-type quarks. R, (R,) is 3 x 9 matrix made up of the first (last) three

|
rows of the orthogonal matrix Rj. In comparison to eq. (3.14), the flavour
violating couplings in eq. (3.39) are suppressed by heavy-light fermion mix-
ing. Clearly, if the masses of the scalars are of O(My), then the induced FCNC
are suppressed compared to the ones mediated by the gauge boson. The exist-
ing experimental constraints, therefore, only require that the flavour-changing

couplings of the light Higgs,(R},)1,, be suppressed. Considering the large num-

ber of parameters in the scalar potential, we assume that this suppression is
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feasible, albeit with some fine-tuning.

3.5 Conclusions and Outlook

Based on the findings presented in the previous chapter, the realization of a
radiative mass generation mechanism in an Abelian extension necessitates that
the SM fermions possess non-universal charges under the associated symme-
try. To explore this, we construct an explicit model based on a U(1); x U(1),
symmetry, which generalizes the well-known leptonic L, —L; and L, — L, sym-
metries, respectively. Using the invariance under these symmetries, at the tree
level, the Yukawa sector is designed to exhibit a global U(2)> symmetry, cor-
responding to massless first and second generations. The breaking of U(1);
induces radiative masses for the second-generation fermions, while the break-
ing of U(1), contributes to the first-generation masses. The mass hierarchy
between the first two fermion generations is naturally linked to the hierarchy

of the symmetry-breaking scales of U(1); and U(1),.

Although the model presented here reproduces the observed hierarchical
pattern of fermion masses, it still involves a significant number of free param-
eters. However, unlike the SM, the fundamental parameters of the proposed

model do not vary across a wide range of magnitudes.

We provide three representative numerical solutions that successfully re-
produce the observed charged fermion masses and quark mixing parameters.
These solutions are analysed under various experimental constraints, includ-
ing those arising from quark and lepton flavour violations, direct searches for
new particles, and electroweak precision observables. Although the radiative
mechanism does not strictly determine the absolute scale of new physics, cur-
rent constraints strongly suggest that the masses of new particles must be of
the order of 10° TeV. Furthermore, the requirement to achieve a viable fermion
mass spectrum places significant constraints on the relative mass scales of the
new vector bosons and VL fermions in the model. However, the experimen-

tal verification of such a high scale seems not feasible in the near future. So,
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a natural question arises: can we further lower the scale of the radiative mass
mechanism? The answer lies in the identification of which process gives the
stringent bound and in suppressing such a coupling that induces the process.
It can be seen that, for this model, the meson-antimeson oscillations, which in-
volve the first two generation fermions, give the strongest bound. So, the new
physics scale can be further lowered by postulating a radiative mass mechanism
model in which such couplings are naturally suppressed. In the next chapter,
we identify a set of non-universal charges which viably lower the scale of new

physics by at least two orders.
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Optimising the flavour violation in the

Abelian frameworks

It is noted from the previous chapter that the flavour non-universality of the
new gauge interactions leads to flavour-changing neutral currents for the SM
fermions, and its constraints dictate the lower limit on the new physics scale in
these types of frameworks. The magnitude of flavour changing neutral current
couplings, namely Q;;, between the ith and jth generations, primarily depends
on the structure of Gg. For example, the choices of G in the previous chapter
lead to more or less universal values of Qij- On the other hand, the present ex-
perimental limits from quark and lepton flavour violations are more stringent
in the 1-2 sector than in the 2-3 or 1-3 sectors. This suggests that it would be de-
sirable to have |Q1,5| < |Q33],|Q13| to somewhat relax the lower limit on the new
gauge boson mass mentioned in section 3.3. This has phenomenological and

technical advantages in terms of observability and naturalness, respectively.

The chapter attempts to investigate these questions systematically. The spe-
cific nature of Gp = U(1)f, which can lead to the desired ordering for Q;;, is
obtained by using the symmetry analysis given in chapter 2.3. It will be shown

that optimal Gp charges which lead to minimal flavour violation, can also in-

63



64 4 - Optimising the flavour violation in the Abelian frameworks

duce the non-vanishing and small first-generation fermion masses. It is found
that an interesting correlation exists between the loop-induced first-generation
mass and flavour violation in the 1-2 sector, such that the latter vanishes com-
pletely in the limit of a massless first-generation. All these aspects are discussed
in section 4.1. We implement the optimal flavour-violating framework in the
standard model in a phenomenologically viable manner in section 4.2 and con-
straints arising mainly from flavour violations are discussed in section 4.3. We
also discuss possibilities to accommodate massive neutrinos within this frame-
work in section 4.4. Before concluding in section 4.6, we discuss the possible

origin of new gauge charges chosen in section 4.5 .

4.1 Optimal gauge charges and 2-loop masses

In this section, we use the symmetry deconstruction discussion of the toy model
framework discussed in Chapter 2 to identify the set of optimal charges. It
is explicitly shown that the 1-loop corrected mass Lagrangian has a residual

symmetry U(1); x U(1)g, which can be defined by the transformations:

fi1 =€y, fri— R fry . (4.1)

The above symmetry is not respected by the 1-loop corrected gauge Lagrangian

for non-vanishing (le)%)lz,l?r Explicitly, the breaking

U x U1~ U(1)g0, (4.2)

induces a small yet positive mass for the light fermion. Here U(1)y, is a global
fermion number, which remains as a conserved quantity, at least at the pertur-

bative level in this setup.

For our convenience, we rewrite the following elements QSI)Q from egs. (2.57,2.58)
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and (2.59):
(1)) _ (912 —911)(q13 —q11) (@(U(l) _@(U(l)) )
(QL 12 VN (915 - 4q12) prs\ b )32 pra\ L)’
(1)) _ (912 —911) (913 —qr1) (@(U(l)) —@(U(l)) ) 13
(QL 13 VN (915 —q12) prs\ b sz pa \h 3]’ (43)
(1)) _ 3 (1))* ( (1)) ~ ~ ( (1))* ( )
(QL ’ (43 GILz)(UL . Up 1 (qr2—q11) (U 0 Ur )13-
From a phenomenology, it is preferable to satisfy the condition (Qg) ) <
12

, due to the more stringent experimental limitations on flavour-violating

‘(Qg) )23

processes within the 1-2 sector. Eq. (2.57) demonstrates that this arrangement

is feasible if

|92 —qr1l <913 —qr2l or 1913 —4qr1l <1913 —4q12l, (4.4)

and

lper1l < lprals lprsl- (4.5)

The same holds true for parameters where L is replaced by R in the subscripts.
These observations are crucial in determining the precise nature of U(1),
which can implement the radiative mass mechanism with minimal flavour vi-

olation.

To maintain flexibility in selecting flavour-specific charges, a straightfor-
ward approach to guarantee the U(1)r symmetry remains anomaly-free is to
consider U(1)f as a vector-like symmetry, implying q;; = qg; for every i. This
configuration is adequate to cancel both [U(1)r]®> and mixed gauge-gravity
anomalies. The vector-like nature of U(1)r alone does not prevent the occur-
rence of bare mass terms such as }_[,LifR,i' which, if present in £,, as indicated in
eq. (2.4), can undermine the mechanism of radiative mass generation. Conse-
quently, the introduction of an additional chiral symmetry may be necessary.
In the case of the Standard Model, the inherent gauge symmetry of the model

can be leveraged to fulfill this role.

After selecting q;; = qpg;, fixing one of the three charges to a non-zero value
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~—

Figure 4.1: Next-to-leading order correction to the 1-loop corrected mass matrix.

is permissible without any loss of generality. With this consideration and the

constraints given in eq. (4.4), we choose:

g1 =qr1 =1-€, qru=qra=1+¢€, qr3=qrz=-2, (4.6)

with 0 < € < 1. Moreover, we selected the charges to ensure that Tr(g; g) = 0.
This simplifies the cancellation of certain mixed gauge anomalies when extend-
ing this toy model to incorporate the Standard Model. When € < 1, it is pos-
sible to achieve a relative suppression of flavour violation strength in the 1-2
sector, as discussed in section 2.3. Specifically, under this assumption, egs.

(2.57,2.59) yield the expression:

(Qg))lz L 2lel %(UL(U)w_%(UL(I))zz_
(Qil))B 3YN (UL(l))’;z(UL(l))33

(), <|(e"),

Nevertheless, when € = 0, it results in a massless generation of fermion, requir-

(4.7)

< .

When the condition, eq. (4.5), is applied, |e| < 1 leads to

ing appropriate optimisation of €.

4.1.1 2-loop fermion masses

Following the methodology applied in the section 2.1.2, we proceed to evaluate
the mass of the first generation, which emerges through the subsequent order
correction to M), This is depicted by the diagram in Fig. 4.1. The correction

can be expressed as:
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MP) = M) s, (4.8)

with
sMW) =yt o1 7T (4.9)

and 01 has form similar to o® of eq. (2.25). Explicitly,

2
g
Oal = yme Z(Qf))ay(gz(zl))yﬁ m) Bo[My, mi], (4.10)
where
0
=ty | T Uik (4.11)

is the 1-loop corrected charge matrix in the new physical basis. Here, for sim-

plification of further analysis, we assume VL fermions as neutral.

From eq. (4.9), one finds 6/\/1‘(114) = 6/\/181) = 0, which results from the neu-
tral behaviour of vector-like states under U(1)r. This can be anticipated by
comparing with eq. (2.35). The correction to 3 x 3 upper left block of SM) is

explicitly computed as

2 *
MY = g () () ) Bom). a2)
] 47 iy 1y

Altogether, M(?) can be written as

(1)
M2 — (oM )3><3 prf (4.13)
KR Mg
with
5Mi(jl) _ 6Ml.(].0) n 5/\45}) . (4.14)

Further simplification is attainable in the seesaw approximation. By inserting

eq. (2.41) into eq. (4.12) and performing some basic algebraic simplifications,
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we obtain

MY = o | S OO ol ) - MO B[ ]|
ij 42 THHIRI S L /1 R Jjk™k 7k ij ’
(4.15)

This leads to
(1) 8% (0) (0)
OM;;" = 3 qLiqu(Mi]' (Bo[Mx,m3"] = 2Bo[Mx, mp])
1 Dy (1 1
) U Bo My, m{)), (4.16)

k=2,3

for the 3 x 3 matrix appearing in M(?).
The diagonalisation of M(?) is carried out by

uL(Z)’rM(z) u}gz)

D) = Diag. (m§2),mg2), mgz),mf)) ) (4.17)

resulting in a non-zero mass for the lightest fermion induced at the two-loop

level. As before, the unitary matrices can be represented as

(2) (2)
2) ULr —PLR
PLr Ur 1
Comparing the form of M(?) in eq. (4.13) with eq. (2.5) implies pg) =p 01)2
Using the above in eq. (4.17), the effective 3 x 3 mass matrix at 2-loop is
ij@ _ MZ.(].O) + 6Ml.(j1) , (4.19)
leading to
U M@ U = Diag. (m§2>,m52>, mg2>) . (4.20)

From eqs. (4.16,4.19) and some further simplification using eq. (2.45), we
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finally obtain the following effective chiral fermion mass matrix:

(2) ©f, , 8 (1)
M7 = M (1+_4n251LiQRj(BO[MX;m3 ]_Bo[Mx;mF]))
(0) g;2< (1)
+ 5Mij (1+_47z2 QLiQRjBo[MX,m3 ]) (4.21)

2
_g *
* 4752 Li9Rj (UL(l))iZ(Uz(zl))jz my) (Bo[ M, my!)] - Bo[My, mS')])

The initial term mentioned above represents the typical tree-level contribution.
The subsequent second and third terms characterize the next-to-leading order
contribution, being proportional to gr;qg;M i(jo). Combined with the tree-level
contribution, these terms result in only two non-zero masses. The next-to-next-
to-leading order effects emerge from the fourth and fifth terms in eq. (4.21),

which generates the mass for the first generation.

The singular part of M(?), as can be read from eq. (4.21), can be expressed

as:

(U}f))* m . (4.22)

: 2 sM L ’
D1v.(Mi(]- )) o qLiqRj bMi(j e L (UL( )) j3

i3

(0)

This term is a rank-1 contribution and is proportional to m; . The divergence
can be absorbed by renormalising mgo), as this parameter is inherently part of
the theory at the tree level. Consequently, the masses of the first and second
generations, which result from eq. (4.21), are finite and can be explicitly calcu-

lated.

In order to clearly illustrate how the choice of gauge charges in eq. (4.6)
results in the desired fermion mass hierarchy and flavour-violating interac-
tions, we perform a numerical evaluation of the two-loop corrected mass ma-
trix M(2) as derived from eq. (4.21) using a representative set of input param-
eters. The parameters chosen include gy = 0.5, Mx = 10 TeV, mp = 10 My,
Uy = (eLl,O.S,l)%, ur = (€r1,0.3,1) TeV, where v = 246 GeV and Q = M.
The relationships between the masses m; /m3 and m,/mj3 are analyzed for var-

ious € values with €1 = €y = €. These relationships are illustrated in the left
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Figure 4.2: Left sub-figure: contours of m;/m3 = 107°, 1074, 1073 (black) and
2 2

my/mz = 10711, 10713 (blue). Right sub-figure: contours of |Q§22)| /|Q§§)| =107,

0.1 and 1.

panel of Fig. 4.2. As expected, the ratio m, /m3 diminishes with decreasing e
or €;. Conversely, m,/mj is relatively insensitive to €, as its hierarchy with re-
spect to mj3 is predominantly influenced by the loop factor. Similarly, contour

plots for the ratio |Q§‘;)|2/|Qg?|2 are presented in the right panel of Fig. 4.2.

As demonstrated, the typical range 107 > m;/m3 2 10~* usually favors
€ values between 0.05 and 0.5 for arbitrary €;. Consequently, this implies
|Q$)|2 < 0.1 |Q§?|2, which is anticipated. However, |Q§?| cannot be reduced
excessively, as it necessitates extremely small values for both € and €. As de-
tailed in the preceding section and depicted in Fig. 4.2, this situation pertains
to a nearly massless first generation. By setting € = €; = 0.2, we also present the
absolute values of the three masses and the flavour-violating couplings |Q§]’.1)|,
n =1,2in Fig. 4.3 at the n loop level. At the leading order, due to the degen-
eracy between m; and m,, |Q§g)| remains undefined, but it becomes physical
at the 1-loop level. Fig. 4.3 illustrates that the masses and |Ql-(]’.1)| only experi-

ence minor corrections at the subsequent order, and their relative hierarchy is

preserved.
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Figure 4.3: Left sub-figure: Charged fermion masses at tree level, 1-loop, and 2-loop
for € = €1 = eg; = 0.2, with the remaining parameters as defined in the text. Right

sub-figure: The magnitudes of Qf;l) for the same parameter values.

4.2 Integration with the standard model

This section discusses the integration of the minimal flavour violating radia-
tive mechanism framework with the SM and its viability in reproducing the
observed charged fermion mass spectrum. We proceed by utilising the gauge

charges presented in eq. (4.6) and consistently apply them to all the SM fermions.

4.2.1 Implementation

The underlying mechanism for SM fermions is readily implementable, facilitat-
ing loop-induced mass hierarchies for the charged fermions. The left-handed
chiral fields are extended to include the electroweak quark and lepton dou-
blets, denoted as Qp; and W;;. Correspondingly, the right-handed chiral SM
fields comprise ug;, dg;, and eg;. As done in the previous chapter, in each sec-
tor, the VL fermions are represented by T g, Br g, and Ej g, which transform
under the SM gauge symmetry similarly to uy;, dg;, and eg;, respectively. The
entities yy; of the toy model are replaced by three pairs of electroweak doublet
scalars H,; and Hy;, and terms proportional to ug; are derived from three SM
singlet scalars 77;. The three generations of chiral fermions and scalars possess
flavour non-universal charges as specified in eq. (4.6). The field contents of

the model and their charges under the SM and U(1)r gauge symmetries are
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Fields SU(3)cxSU(2)xU(1)y U(1)r

Qri (3,2,3) (1-€1+¢-2)
UR; (3,1,3) (1-¢,14€,-2)
dg; (3,1,-2) (1-¢,1+¢,-2)
W (1,2,-1) (1-€,1+¢,-2)
eRi (1,1,-2) (1-¢,14¢€,-2)
VRi (1,1,0) (1—€1+€, )
Ty R (3,1,3) 0

BLr (3,1,-2) 0

Err (1,1,-2) 0

H,; (1,2,-1) (I-€,1+¢€,-2)
Hy; (1,2,1) (1-€,14+¢€,-2)
1; (1,1,0) (1-€,1+€,-2)

Table 4.1: Field contents alongside their flavour-independent SM gauge charges and
flavour-specific U(1)r quantum numbers.

detailed in Table 4.1.

The inclusion of three generations of vy, the right-handed neutrino part-
ners, with U(1)g charges specified in Table 4.1, is crucial to maintaining the
vector structure of the U(1)r symmetry. As discussed in the previous sec-
tion, this structure ensures the cancellation of both the cubic U (1) and mixed
gauge-gravity anomalies. Additionally, it guarantees a vanishing U (1)yxU(1)%
anomaly. The condition Tr(q; g) = 0 further ensures the cancellation of anoma-
lies associated with SU(2)#x U (1)p and U(1)% xU(1)f. Consequently, the field
content and gauge charges outlined in Table 4.1 establish a theoretically con-

sistent and anomaly-free framework.

The Yukawa and mass Lagrangian, which is both renormalisable and gauge

invariant, can be formulated for the fermions as

~Ly = 9,;QriHy;i Tr + va; Qri Hai Br + ve; V1 Hai Ex
+ yoi Tonfugi + vy Bonidri + v, ELn}eg;
+ mTTL TR —+ mBELBR + mEELER —+ hC (423)

Asin standard scenarios, direct mass terms for the three generations of fermions

are prohibited by the chiral structure of the SM gauge symmetry, even if such
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terms are permitted by the U (1) symmetry. Additionally, the non-trivial trans-
formation properties assigned to the Higgs fields under the new gauge symme-
try prevent direct Yukawa couplings between the left- and right-chiral fields of
the SM.

The fermionic current associated with the flavour non-universal gauge in-
teractions is expressed as Lx = j)’;Xﬂ, where j;é represents the corresponding
current.

Jx = 8x Z i friv" fui + Z, qri fri V" fri | (4.24)
f=QL f=u,d,e

with the choice of g;; and gg; as listed in Table 4.1.

The scalar sector of this model is identical to the one described in the pre-
vious chapter. The renormalisable scalar potential takes the same form as in
eq. (3.1). Accordingly, we assume that the potential yields a suitable vacuum
configuration that breaks both the flavour symmetry Gr and the electroweak
symmetry. The most general non-vanishing vacuum configuration of #; leads
to the complete breaking of U(1)g. As is customary, the electroweak symmetry
is broken by VEVs of H,,; and H,;, which preserve U (1)ey, while also contribut-
ing to the breaking of U(1)f. These VEVs are parametrized as follows:

vriHypi) = wrin 9500 = Wy (4.25)

with f = u,d,eand (H,;) = (Hy;). The criterion } ; (l(Hm}l2 + |<Hdi>|2) = (246)?
GeV? generally suggests that the i values do not exceed the electroweak scale,

whereas no similar restriction is imposed on the magnitudes of /4}1..

Substituting eq. (4.25) into eq. (4.23) transforms the latter into the exact
form of the interactions shown in eq. (2.4). The matrix M) defined in eq. (2.5)
is reproduced for f = u,d,e with the replacements p;; — ps; and pg; — :”}i'

utilising the results from eq. (4.21), the two-loop corrected effective 3 x 3 mass
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matrix for the charged fermions is found to be:

(M(z)) = (M(O)) 8 - (bo[Mx, m'Y)] = bo[My, m))
f i = f i 4TCZQL14R] oMx, M g3 olMx,mp

© (o) (14 B, bo[My, mY] (4.26)
f i 47ZZQLzQR] 0LVIX, M g3 .
2
8 1 Dy« (1 1 1
+ 2 auiar; (U ) (UR)jmyy (bo[My, miy] = bo[My,miy)),

for f = u,d,e. The corresponding mass matrices at the tree-level and one-loop

are expressed as

oy __L
(Mf )i],__m_Pszﬂf]'f (4.27)
and
(1) (0)
(Mf )i].:(Mf )ij(1+chLiqu)/ (4.28)

2
respectively, with C¢ = %(bO[MX,mJ([?] —bo[Mx, mg]).

Eqgs. (4.26, 4.27, 4.28) are straightforward generalizations of eqgs. (4.21, 2.6,
2.42). The term m}? in these expressions represents the ith eigenvalue of M](cn),
which can be computed using the provided expressions. Similarly, Uﬁ) and
Uﬁa) are obtained by diagonalising M}l), following the standard definition in
eq. (2.45). The parameter by, given in eq. (2.31), denotes the finite part of the

function By as defined in the MS scheme.

4.2.2 Test of viability

To show that M](cz), as derived in eq. (4.26), can yield realistic charged fermion
masses for f = u,d,e and quark mixing parameters, we perform a numerical

analysis using the method developed and detailed in the previous chapter.

In our analysis, we fix gx = 0.5 and optimise the x? function for several
values of € and select example values of M. The remaining 23 parameters are
optimised while adhering to standard constraints, as discussed in Section 3.2.

This process is conducted for the following two scenarios:
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Figure 4.4: The calculated x2. as a function of € for three exemplary values of My,
with scenarios classified as case A (left panel) and case B (right panel).

e Case A: Ordered Hri and :”}i/ i.e. for f =u,d,e, we impose
lupil <lpgal <lppsl, and |pfy | <lpfol <lpgsl- (4.29)

* Case B: Strongly ordered p,; and p;;. In this scenario, besides the con-

straints specified in eq. (4.29), we also impose

M <0.1, and

M <0.1 (4.30)
a2l

gl

Both conditions contribute to achieving a phenomenologically favorable hierar-
chy in flavour violations, as discussed in Section 4.1, and establish a clear link
between flavour violation in the 1-2 sector and the parameter €. Notably, Case
B highlights a region of parameter space where the stringent constraints from
K O—FO oscillations can be more effectively avoided, as demonstrated in the next

section.

The minimised x? results for different values of € and My in both scenarios
are presented in Fig. 4.4. Fits corresponding to sznin <9 are considered accept-

able, as no observable deviates by more than 3¢ from its mean value. With this

criterion in mind, the key observations from Fig. 4.4 are as follows:
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* Fits disfavor € < 0.15: For smaller values of ¢, the first-generation masses
fail to fit their experimentally determined values within their 30 ranges.

This aligns with expectations discussed in Section 4.1.

* Case A: The fit improves with larger values of €. Specifically, for My > 10°
GeV, excellent fits are achieved with )(fnin < 1 when € > 0.5, indicating

that all observables are within their 10 ranges. Additionally, for a given e,

larger values of My lead to further improvement in the fits.

¢ Case B: In contrast, )(fnm < 5 is not attainable for any combination of €
and My. Under the conditions specified in eq. (4.30), the down quark
mass remains 2.30 away from its central value, regardless of the other

parameters.

These observations indicate that the mechanism can only be implemented
in the Standard Model in a phenomenologically consistent manner if € > 0.15.
This lower bound implies a finite level of flavour violation in the 1-2 sector,

which is analyzed in detail in the next section.

In Table 4.2, we present two specific benchmark examples to illustrate the
effectiveness of the fits and the behavior of the fitted parameters. Solution 1
(S1) is classified under case A, while Solution 2 (S2) pertains to a scenario with
strong ordering of yy; and p;. within case B. These solutions are selected with
values of € and My that have been optimised considering flavour violation, as
discussed in the forthcoming section. It is evident that all observables, with the
exception of m;, show excellent agreement. However, m, exceeds a deviation
of 20 in both scenarios. Hence, reducing the uncertainty in m, in the future

could substantially impact the feasibility of these solutions.

The values of € and My for the selected benchmark solutions, along with
the numerical values of the remaining 23 real parameters at the x> minimum,
are listed in Table 3.3. A significant observation in both cases is that all yi; and
;4} ; are confined to a range spanning at most two orders of magnitude. Inter-
preted in the context of eq. (4.25), this suggests that all fundamental Yukawa

couplings can naturally be of O(1) in this model. The observed hierarchies
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Solution 1 Solution 2
Observable Oexp O Pull O Pull
m, [MeV] 1.27+0.5 1.26 -0.02 1.27 0
m. [GeV] 0.619 +0.084 0.614 ~0.06 0.617 -0.02
m; [GeV] 171.7 £3.0 171.8 0.03 171.7 0
my [MeV] 2.90+1.24 0.16 -2.21 0.02 ~2.32
m [GeV] 0.055+0.016 0.056 0.06 0.055 0
my [GeV] 2.89+0.09 2.89 0 2.89 0
m, [MeV] 0.487 +0.049 0.489 0.04 0.487 0
m, [GeV] 0.1027 +0.0103 0.1025  -0.02  0.1025  -0.02
m, [GeV] 1.746+0.174 1.746 0 1.742 -0.02
[Viss| 0.22500+0.00067  0.22499  —0.01  0.22500 0
Vel 0.04182+0.00085  0.04182 0 0.04182 0
Vil 0.00369+0.00011  0.00369 0 0.00369 0
Jep 3.08x107> 3.08x107> 0 3.08x107> 0
e 4.9 5.4

Table 4.2: Two optimal solutions from benchmark cases A and B are presented.
Oexp denotes the extrapolated values of the observables at the renormalization scale

Q = My. The computed values of the observables at sznin are listed under Oy, with
corresponding pulls indicating the deviation from the mean value Ocyp.

in masses are thus attributed to the intricate and carefully arranged structure
of the theory. Furthermore, it is evident that the VL fermions must remain
close to the U(1)f breaking scale to prevent excessive seesaw suppression of
the third-generation fermion masses. This is particularly apparent for the top
quark mass, which necessitates n; =~ u; 5. In contrast, the relatively lighter m,

and m, masses are achieved through mp >y, and mg > u,5, respectively.

4.3 Phenomenological constraints

In this section we discuss the constraints arising from the flavour violations
mainly induced by the X boson. The other sources of flavour violations, and
their suppression relative to the X boson induced, are discussed in detail in
section 3.3. Assuming FCNCs are dominantly controlled by the X boson, which

is parametrized by eq. (4.24), its flavour-violating couplings in the physical
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Parameters Solution 1 Solution 2

My 3x10° 10°
€ 0.178 0.285

my 5.6653 x 10° 6.2838 x 10°
mp 4.9336x 108 1.5524 x 108
me 8.2489 x 10° 3.9884 x 10°
Hul -9.6518 1.2821
Huo 9.9336 ~7.2968
Hu3 —3.7757 x 102 4.6534 x 102
1 6.9209 x 10° 1.1248 x10°
T ~1.6434x 10° -1.4161 x 108
T ~1.8288 x 10° 1.4585 x 10°
1 -1.8003 x 10! +i 2.4815 1.9233 +i 1.9146
Hd2 2.9553x 10! +i1.6954 —3.2718+1i1.9150x 10"
Ha3 ~2.2993 x 102 2.2572 % 102
Wy, —7.1617 x 10° —4.8001 x 10*
TR 7.2368 x 10° 4.8498 x10°
s 4.4255x10° 1.4044 x 108
Hel 2.5748 x 10! ~1.3349x 10!
Her —2.6008 x 10! -1.5363 x 10!
Hhe3 ~4.7027 x 10! 2.1028 x 10!
1oy ~1.3925x 10° 3.6639 x 10*
1o ~1.4093 x 103 ~7.9852 x 104
Hos ~1.4252x10° —2.1704x10°

Table 4.3: These are the optimised values of different input parameters for two exem-
plary solutions of Table 4.2. All dimension-full parameters are expressed in GeV.

basis of the quarks and charged leptons are given by:

j)”( = 8x Z ((XfL)ij fLi Y+ (XfR)ij Fri VyfRJ')' (4.31)
f=ud,e

with
+
XfL:R = UIJ:R qL,R UI{R ’ (432)

and U£ r being the 3 x 3 unitary matrices that diagonalise the corresponding

2-loop corrected Mf(z)

2) (2) (2)

Diag.(mf1 Mgy, Mgy ). In the previous chapter, section 3.3, we computed var-

given in eq. (4.26) satisfying the relation UI{ f MJ((Z) U{; =

ious flavour violating observables by considering flavour-violating charges as

X}lL)R, given in eq. (3.15). The same expressions for those observables will

(1)

be applicable for the present model phenomenological analysis with X FLR T

placed by X g given in eq. (4.32).
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Figure 4.5: Magnitude of ReCI% calculated for the best-fit points with different values
of €, for My = 10° GeV (left sub-figure) and My = 107 GeV (right sub-figure). The
shaded regions indicate exclusions based on current limits at the 95% confidence level.

4.3.1 Meson-antimeson oscillation

The most stringent constraints on quark sector FCNC couplings arise from
the neutral meson-antimeson oscillations, namely MO—MO transitions, where
M = K, By, B;,D. At Q = My scale, the nonvanishing WCs for Ko—fo, Bg—
B_dO,Bg—B_SO and D°-D° transition are given in eq. (3.22, 3.23, 3.24) and (3.25)
respectively, with X]((lL)’R replaced by Xy r. Subsequently, all coefficients are run
down by appropriate renormalisation group equations (RGEs) from Q = My to
Q = 2 GeV for the KoK’ system [101], to Q = 4.6 GeV for the Bg,s-EZIS Sys-
tem [103], and to Q = 2.8 GeV for the D°-D’ system [100]. It is observed that
this running results in non-zero values for Cy,, while C]%/'f and Ci/’f persist at
zero. The non-vanishing Wilson coefficients at their relevant low-energy scales
for each point are displayed in Fig. 4.4. Subsequently, these values are com-

pared with the current experimental boundaries as determined by the UTFit

collaboration[100].

Among all the Ci, and Ci, computed in the present model, we find that
the strongest limits on My are predominantly influenced by ReCé’S. This is
illustrated by presenting their values as functions of € for Mx = 10% and My =

107 GeV, shown in Figs. 4.5 and 4.6, respectively.



80 4 - Optimising the flavour violation in the Abelian frameworks

e Case A e Case A
0.500 ikl 2 I | e R
Case B ¥4 :"';i?‘;:.?:"' 53 ’ r » CaseB XA
i 0-500 PRI *«%*
J’»@“ . ',;‘*'e L
(A i A
LFSM 0.100 y. Py - v Wﬁ?“
o 0.050 2 o 0.100: o
WX e,
=] 3 = ;{
N Es o 0050 &
< " b e
= & =
0.010 = =sgf === == == e e
0.005 & 0010, #
LN KA
$ 0.005' 3
¥ i
= Il L L L - L= 1 1 1
00 02 04 06 08 10 00 02 04 06 08 10
€ €

Figure 4.6: Magnitude of ReCy computed for the best-fit points for different values of
€ and for Mx = 10° GeV (left sub-figure) and My = 107 GeV (right sub-figure). The
shaded regions are excluded by the present limits at 95% confidence level.

We also present these estimations for Cases A and B, as discussed in the pre-
vious section. From both figures, it is evident that flavour constraints can be
effectively avoided for smaller values of € in all cases. Notably, Case B, charac-
terized by strongly ordered p4; and p;;, significantly reduces the magnitudes of
C4 and C5. For Case A with My = 10° GeV, the current limits on CI% only allow
€ < 0.15, which is already disfavored due to the large x2. value, as shown in
Fig. 4.4. In contrast, Case B with the same My yields solutions with acceptable
x2. and permitted values for ReC4 . For My = 107 GeV, both Cases A and B

produce viable solutions, as illustrated in Figs. 4.4, 4.5, and 4.6.

Our analysis shows that the minimum mass required for the X-boson to
evade constraints from meson-antimeson oscillations, without relying on strongly
ordered pg; and p;., is Mx = 3 x 10% GeV. This ensures a viable spectrum of
charged fermion masses and quark mixing parameters. Strong ordering of g ;
and ;. can further reduce this to Mx = 10% GeV. Example solutions for each

scenario are provided in Tables 4.2 and 4.3.

For these solutions, we calculate all non-vanishing Clivf and CJZ‘\/I' which are
listed in Table 4.4. All values comply with current experimental limits. Ad-
ditionally, it is observed that the Wilson coefficients associated with flavour

violation in the 1-2 sector are generally smaller than those in the 2-3 sector, as
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intended by the small e parameter in this framework.

Flavour observables Experimental limit Solution 1 Solution 2
ReCy [-9.6,9.6] x 10713 -5.0x10716  _8.4x10°1°
ImCj, [-9.6,9.6] x 10713 -1.7x1073%  1.5x107%°
ReCy [-9.6,9.6] x 10713 -7.2x10716  —47x10716
ImCj [-9.6,9.6] x 10713 2.5x10730 3.3x10730
ReCy [-3.6,3.6] x1071>  —32x107!> —3.4x107!5
ImCg [-1.8,0.9] x 10717 8.3x 10732 4.1x107%°
ReCp [-1.0,1.0] x1071*  -2.7x1071>  -2.8x10713
ImCp [-1.0,1.0] x 10714 6.8 x 10732 3.4x107%°
|c}3d| <2.3x10711 6.6x10°18 3.3x10°18

Cl <2.3x1071! 2.0x10717 2.9x10717

B,
Cs <2.1x10713 3.0x1077 2.5x10717

B,
IC3 | <6.0x10713 5.0x10717 4.2x10717
IC | <1.1x107° 1.3x10°1° 3.9x10715
IC; | <1.1x107° 2.8x10°1° 5.2x 10714
Cs <1.6x1071 5.0x10713 3.7x10714

B
IC3 | <4.5%x10711 8.1x1071° 6.2x 10714
ICL <7.2x10713 6.9% 10710 1.3x10°1°
IC) <7.2%x10713 6.9x 10716 3.9%x10714
IC3| <4.8x107!4 2.8x10°1° 2.8x10714
IC3) <4.8x10713 3.0x1071° 3.1x1071*
BR[y — ¢] <7.0x10713 51x10717 3.2x10°15
BR[y — 3¢] <1.0x1071? 2.9x10717 2.0x10717
BR[t — 3] <2.1x1078 5.3x 10717 2.8x 10717
BR[7 — 3¢] <2.7x1078 6.4x 10722 7.2x10720
BR[y — ey] <4.2x10713 6.1x 10721 2.9%x1071°
BR[t — uy] <4.4x1078 6.1x10722 2.4x1071°
BR[t — ey] <3.3x1078 7.3x 10724 1.9x 10722

Table 4.4: The magnitudes of the various WCs (in units of GeV~2) for AF = 2 processes
in the quark sector, along with the branching ratios for the lepton flavour-violating
process, are computed for solutions 1 and 2. The respective experimental limits are
also provided.

4.3.2 pto e conversion

The X-boson, through its flavour-conserving couplings with # and d quarks and
flavour-violating couplings with e and p leptons, can mediate y — e conversion
in nuclei at tree level. The branching ratio for this transition, BR[y — e], can

be calculated using eq. (3.26) for each parameter point shown in Fig. 4.4,
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Figure 4.7: Left sub-figure: BR[y — e] in %7 Au nucleus for various values of € and for
My = 10° GeV estimated from the best-fit solutions. Right sub-figure: The same for
the lepton flavour violating observable BR[y — e y].

corresponding to My = 10° GeV. The results are presented in the left sub-
figure of Fig. 4.7. Additionally, we compute the branching ratios for the two

benchmark solutions and provide them in Table 4.4.

It can be seen that, in both scenarios A and B, the predicted magnitude of
BR[p — e] is quite similar. This similarity arises because the factors distin-
guishing these scenarios do not alter the flavour-violating interactions in the
lepton sector. With € > 0.15, ensuring feasible solutions in both scenarios, the
implication is that BR[y — e] < 7 x 107>, which remains two orders of mag-
nitude below the current limit set by SINDRUM II. Consequently, the present

framework does not appear to be restricted by limits from y to e conversion.

4.3.3 [;—3ljand[; > Ly

Other flavour-violating processes in the lepton sector include [; — 3[; and [; —
liy. Using egs. (3.29) and (3.31), the branching ratios for p — 3e, T — 3p,
T — 3e, y— ey, T — py,and T — ey can be estimated in the present model by
appropriately replacing Xéi?R with X1 g. For My > 10° GeV, none of these pro-
cesses produce branching ratios large enough to impose meaningful constraints

on the model. The estimated values for the benchmark solutions are listed in



4.4 Neutrino masses 83

Table 4.4. Notably, due to the optimised arrangement of flavour-violating cou-
plings, flavour violation in the 1-2 sector is typically smaller or comparable
to that in the 2-3 sector. This represents an improvement over the model dis-
cussed in the previous chapter, where the opposite trend was observed. Addi-
tionally, the evaluated values of BR[y — ey| for My = 10° GeV and various €

values are shown in Fig. 4.7.

In summary, the most stringent phenomenological constraint on this model
arises from KO-K" oscillations, which necessitate a new gauge boson mass of at
least 10° TeV or higher. This scale is nearly two orders of magnitude smaller
than the lowest scale obtained in the U(1); x U(1), model. As discussed in the
previous section, the vector-like quarks and leptons also tend to cluster near
this scale. Under these conditions, other constraints, such as those from direct
searches and electroweak precision tests, are easily satisfied, as discussed in the

previous chapter.

4.4 Neutrino masses

While the primary focus of this study has been on the charged fermion mass
spectrum, we also explore how the framework can be extended to incorporate
neutrino masses. The main observational features that distinguish neutrinos
from charged fermions [120-122] are: (a) The overall mass scale of neutri-
nos is several orders of magnitude smaller than that of charged fermions, and
(b) Neutrinos exhibit a relatively weaker mass hierarchy, with m,,,/m 3 ~ 0.2
for m,; = 0 and m,,/m,3 ~ 1 in the case of quasi-degenerate neutrinos. As
outlined below, the current framework can be extended in two qualitatively
distinct ways to explain neutrino masses while accounting for these features.
These approaches align with common extensions of the Standard Model de-

signed to address neutrino mass generation.
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4.4.1 Majorana option

Neutrinos can be of Majorana nature, introducing lepton number violation into
the framework. If the scale associated with this violation, denoted as Ajy, is
higher than both the electroweak and U(1) breaking scales, neutrino masses
can be effectively described using the familiar dimension-5 operator [12]. In

the current framework, these operators take the form:

(1) (2)

2XLN (P, ) (HL W) + ;;;LN (VLiH,, ) (Hi %) + he.. (4.33)

c

Lgim-5 D

The first operator arises from a complete theory by integrating out fermions
neutral under both the SM and U (1) gauge symmetries, corresponding to the
type I seesaw mechanism [86, 95, 96, 123]. In contrast, the second operator re-
quires UV completions involving either U(1)p-neutral fermions charged under
the electroweak symmetry (type III seesaw [124]) or complex scalars charged
under both the electroweak and U(1)f gauge symmetries (type II seesaw [125-
127]). Importantly, none of these extensions introduces additional contribu-

tions to gauge or mixed gauge-gravity anomalies.

After electroweak symmetry breaking, the neutrino masses are expressed

as:

Cii
(mv)i]' - AL]N l’lui,uuj/ (434)

where ¢;; are the coefficients from eq. (4.33), appropriately scaled by the Yukawa
couplings y,;. With general ¢;;, all three neutrinos acquire tree-level masses
that are suppressed by Apy, consistent with the observed features (a) and (b)
outlined earlier in this section. Furthermore, the coefficients ¢;; provide suf-
ficient flexibility to reproduce viable leptonic mixing parameters.To achieve a
more predictive and insightful understanding of the leptonic mixing parame-
ters, additional symmetries or specific structures in the UV completion would
be required. Developing such a framework would involve detailed model-

building efforts.
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4.4.2 Dirac option

Alternatively, neutrino masses can be introduced analogously to how charged
fermion masses are generated in this framework. This requires three Weyl
fermions, vg;, with U(1)r charges (1 —¢€,1 4+ ¢€,-2), and a neutral vector-like
pair Ny g. The vg; are already present in the original model as a requirement
for anomaly cancellation (see Table 4.1). All these fields are singlets under
the SM gauge symmetries. At leading order, the Dirac neutrino mass matrix is
given by:

(i) =ty (435

where u,; = v,i(Hyi), p,; = v,,{n7), and my is the Dirac mass of the N p pair.

This structure leads to one massive light neutrino state.

In this framework, the universal seesaw-like structure allows the smallness
of the neutrino mass to be explained by a large my. By identifying the massive
neutrino state with the atmospheric neutrino oscillation scale [122], the Dirac

mass my is estimated as:

0.05eV\[ (1) (H,)
~2x10'7 GeV . 4.36
I X ¢ ( s )(100TeV)(1OOGeV (4.36)

assuming all dimensionless parameters are of O(1). Here, the issue of unnatu-
rally small neutrino Yukawa couplings in the standard SM extension with Dirac

neutrinos is reframed as a hierarchy problem, my > my; p g, in this model.

The solar neutrino mass scale can arise when higher-order corrections are
introduced to M,(,O). In this case, the same expression as eq. (4.26) applies, with
appropriate modifications. However, some fine-tuning may be necessary, as
the desired magnitude of m,,/m,3 is larger than the typical loop suppression
factor. This tuning can be avoided by introducing two or more copies of Ny r
and multiple vg; multiplets, which would allow the tree-level neutrino mass
matrix to have a rank greater than one. In such a scenario, both the solar and

atmospheric mass scales could be generated at tree level and would naturally

exhibit less hierarchy.
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4.5 On the origin of the gauge charges

In this section we show that the choice made in eq. (4.6) for the charges of un-
derlying Abelian flavour symmetry can simply be obtained from kinetic mix-
ing. Consider two U(1) symmetries characterized by gauge bosons Xf’z, along-

side their respective gauge interactions
Lo =gWa Ty X0 + D a ) Fivr 3, (4.37)
where f’ stands for both f; and f. A suitable choice for the charge matrices is
gV = Diag.(1,1,-2), q¥ = Diag.(1,-1,0). (4.38)
Subsequently, consider the kinetic terms of these gauge bosons with non-zero

kinetic mixing [128]

LpW p@p 4 %F,S

_£kin = 4 nv

with Fﬁ) represents the field strength of the gauge boson X}(la). The kinetic

terms can be made diagonal by applying a linear transformation

x4 1o | x
— (4.40)
(2) (2)
x| —x 1| x}

This process eliminates the kinetic mixing from the kinetic terms, which sub-
sequently re-emerge within the gauge interactions. By inserting eq. (4.40) into

eq. (4.37), we obtain
(0 82 o\ o) 0 OF @
—Lc=g"|4; _Xg(_1)qii Fivh X +&7a; fiy" X (4.41)
Setting g1 = gy, xg(?/¢M) = e and X,Sl) = X,,, we find

) -ea?)=0-e1e- e



4.5 On the origin of the gauge charges 87

for i = 1,2,3 respectively. These are the desired charges given in eq. (4.6). By
setting M, > My, the effects of the gauge interactions associated with X}({z)
gauge boson can be decoupled from the theory, and the effective theory would
contain only one new U (1) symmetry with charges {1 —¢,1 + ¢,—2} for three

generations of the SM fermions as considered in section 4.2.1.

The two U (1) symmetries displaying flavour-dependent charges, as detailed
in eq. (4.38), combined with any flavour universal U(1) symmetry (such as
hypercharge within the current framework), can be reorganized into U(1); x
U(1),x U(1)3. In this configuration, solely the ith generation fermion carries a
charge under U(1);. This can be understood by examining the gauge interac-
tions: X

S s Wall T X, (4.43)
a=1
with ¢(1)(2) as already given in eq. (4.38) and q0) = Diag.(1,1,1). A transfor-
mation

X\ = XY =R xP, (4.44)

can be applied to redefine the gauge bosons so that in the new basis, the gauge

interactions are represented as

3
Y E T R4 e
a=1
The new couplings are
73 =RapgPa)l, (4.46)

where R is an 3 x 3 orthogonal matrix.

For a specific choice, V6g(!) = v2¢(?) = v/3¢(3) = g, and

(4.47)

X

I
TEPIE
S gl Bl

s 5 5
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one finds,

¢V = ¢Diag.(1,0,0),
§252 = ¢Diag.(0,1,0),
§¥3® = gDiag.(0,0,1). (4.48)

Thus, the three Abelian symmetries in the underlying theory: two flavour non-
universal new Abelian symmetries and hypercharge, can be arranged such that
each generation is exclusively charged under only one U(1), with equal inter-
action strengths. This framework has recently been proposed under the names

"tri-hypercharge" [129] and "deconstructed hypercharge" [130].

4.6 Conclusion

It is demonstrated that extending the SM with a single Abelian gauge symme-
try is sufficient to provide a viable framework for radiatively generating the
masses of the lighter generations. The second-generation masses are generated
at one loop, while the first-generation masses arise at two loops. The two-loop
corrected mass matrix can be fully expressed in terms of the tree-level mass
matrix, gauge charges, and the gauge boson mass, as shown in eq. (4.21). This
represents a significant improvement over the previous U(1); x U(1), model,
where the masses of both lighter generations were induced at one loop, and
the intergenerational hierarchy was attributed to the specific ordering of gauge

boson masses.

The framework inherently introduces large FCNCs mediated by the new
gauge boson, which impose the strongest constraints on the scale of new physics.
As demonstrated in this study, the flavour-changing couplings can be organized
such that their strength in the 1-2 sector is minimised. This is phenomenologi-
cally advantageous, as the most stringent constraints on flavour violations arise
from the 1-2 sector, particularly from KO-K’ mixing and y-e conversion in nu-

clei. The suppression of flavour-changing couplings in the 1-2 sector is propor-
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tional to the difference between the charges of the first- and second-generation
fermions under the new gauge symmetry. However, these charges cannot be
made arbitrarily close, as complete degeneracy would result in a strictly mass-

less first generation.

This interplay between charge differences and flavour violation is system-
atically explored through numerical analysis. It is found that the down-type
quark sector plays a dominant role in this optimisation. If the down quark
mass is to be reproduced within its 30 range, as determined from lattice com-
putations, the mass of the U(1)r gauge boson must be at least 103 TeV, while
satisfying all flavour constraints. This lower bound is nearly two orders of mag-

nitude smaller than those derived in the previous U(1); x U(1), model.
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Radiative mass mechanism in Non-Abelian

Gauge theory

The most advantageous feature of non-abelian symmetries is that it naturally
provides larger irreducible representations for fermion multiplets. This fea-
ture has significant implications in the radiative mass generation framework as
the unification of three families of fermions into a single multiplet leads to a
smaller number of Yukawa couplings as compared to the Abelian frameworks
discussed in previous chapters. Also, another essential feature of non-abelian
Gr = SU(3)r is that it naturally accommodates gauge bosons with flavour non-
diagonal couplings, which play a crucial role in the underlying mechanism.
The same symmetry can also be effectively utilised in order to ensure that only
the third generations receive mass at the tree level. Moreover, being a simple
group, it minimally modifies the SM gauge structure and can lead to a pre-
dictive scenario. The horizontal SU(3) symmetry was previously proposed in
[56, 131] for similar purposes. However, a systematic and comprehensive anal-
ysis of loop-induced fermion masses, mixing parameters, and the associated
phenomenological constraints on the flavour symmetry breaking scale has not
been performed. Another non-abelian alternative, Gp = SO(3); x SO(3)r, was

recently investigated in [61], but it was found to yield an inconsistent flavour

91
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spectrum. This chapter addresses these gaps by presenting a complete and
realistic model for radiatively induced quark and lepton masses based on non-

abelian flavour symmetry.

We demonstrate that a viable implementation of the SU(3)r framework
within the SM necessitates multiple electroweak Higgs doublets and the pres-
ence of VL fermions. The latter is crucial for achieving the observed mass spec-
trum while satisfying flavour violation constraints. Moreover, the hierarchy
between the first and second-generation masses can naturally arise when the
flavour symmetry is broken in a specific pattern. These features, combined
with improved predictivity, make this model less arbitrary compared to the

abelian symmetry-based approaches discussed earlier.

The remainder of this chapter is organized as follows: In the next section,
we outline the general framework of SU(3)r and the mechanism for radia-
tive mass generation. Section 5.2 details the breaking of horizontal symmetry
and the resulting gauge boson mass spectrum. In section 5.3, we present the
implementation of this scheme within the SM. Numerical solutions validating
the viability of the model are discussed in section 5.4. Section 5.5 explores
some phenomenological implications of the framework, and conclusions are

presented in section 5.6.

5.1 SU(3)r and fermion mass generation

We compute the loop-corrected fermion masses induced by the gauge bosons
of SU(3)r. We begin with the toy model chiral fermions f/; and fg; and a pair
of VL fermions, Fi,R and write the arranged tree-level mass matrix MO, same
as eq. (2.5), in the basis f/, = (f{;,F;) and fz, = (fz;, Fz). The mass matrix M"
leads to massive third-generation fermions and vector-like states, as discussed

in section 2.1.1.

We also assume that f/; and fg; as fundamental representations under the

horizontal gauged symmetry SU(3)r, while the VL fermions are treated as sin-
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glets with respect to the same symmetry. Consequently, the non-vanishing
pp and pg in the mass Lagrangian mentioned above lead to the breaking of
SU(3)g. It is possible to derive a vanishing 3 x 3 sub-matrix through the chiral
nature of f/; and fz. within the framework of the SM gauge symmetry, allow-
ing it to remain zero even when SU(3)f is broken. Based on the SM charges

assigned to F] or Fy, either y; or pp is also protected by the chiral symmetry.

Within this framework, the relatively small masses of the first two genera-
tions can arise due to quantum corrections. To quantify these corrections, we
examine the SU(3)F gauge interactions that involve fermions and gauge bosons

Aj, as described by

a

s /\ i a4 /\a i
—Lgauge = &F (fLiyyAﬁ(?)ijij +fRi7/yA;a¢(?)iijj] ) (5.1)

where a = 1,..,8 and A% are the Gell-Mann matrices. For the latter, we use the
expressions on a different basis than the conventional one, and they are listed in
Appendix A for clarity. The above can be extended to include the VL fermions

as
_Lgauge = g?F (]_(LaVyA?J (Aa)aﬁ fL’[)’ + ]_(RayyA; (Aa)a[j’ fR,ﬁ) ’ (5-2)

where A% are 4 x 4 matrices given by

A=

A4 o]
. (5.3)
0 0

The physical basis of fermions, denoted by f; g, can be obtained from the

canonical basis using the unitary transformations f; , = Uy r fr r, asineq. (2.7).

In a similar manner, the physical gauge bosons Bj, can be derived from Aj

by using an 8 x 8 real orthogonal matrix R, described by the equation

Agy = Rap By (5.4)

K

The matrix R is explicitly determined by diagonalising the gauge-boson mass

matrix, which is real and symmetric.
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f RS f ,Ln

Figure 5.1: Self-energy correction induced by SU(3)f gauge boson at 1-loop.

Thus, the gauge interactions in the physical basis of fermions and gauge

bosons are obtained as

8F (7 a ra a
_Egauge = EF(fLayﬂ (UE-A ML)aﬂfLﬁ +fRa7y (UR+A Z/{R)aﬂfRﬁ)Rasz- (5-5)

Due to the non-commutative nature of A% matrices for every a, it is impossi-
ble to simultaneously diagonalise the matrices L[E’RA“UL, r- Therefore, there al-
ways exists a set of gauge bosons which has flavour-changing interactions with
fermions, which is necessary for the generation of masses for the first and sec-

ond family fermions through radiative corrections.

The fermion mass matrix, corrected by the SU(3)r gauge interactions at 1-

loop, similar to eq. (2.36), can be expressed as
M=M"+6M, (5.6)

where

OIM=U T (0) U . (5.7)

Using eq. (5.5), the 1-loop correction (see Fig. 5.1) can be computed as

. d4k .8F + im
— ): — iR, Aa ) 2 o
L e B A e
(_igEFRcb(UI-{rACMR)Uﬁ)VVA,uv(k)l (5-8)
with
At == [y 1) (5.9)
W T My e | k2-tM?2) '

Here M, represents the mass of the gauge boson B’Z. In the Feynmann-"t Hooft
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gauge, the above integral can be evaluated as:

2
(Ef(o))aﬁ = %Rab (U{AQUL)aGRCb (UI-IQ-ACZ/{R)U/S mg By [Mb:mo] , (5-10)

with Bo[My, m,] = As + by[My, m,] as the 2-point PV function defined in eq.
(2.22).

Equation (5.10) clearly demonstrates that the m;-independent term, the di-

vergent part , in 6M arising from By[M,, m,] is vanishing. Explicitly,
6 Maiy = Uy X(0) giv U, (5.11)

where X(0)4;y contains the terms proportional to A, from eq. (5.10). Explicitly,

2
(5Md1V)pK = 1g6F7_(2 (RRT)LIC Z/[LPCK (UEA“UL)LW (Z/[EACUR)O'ﬂ meg AG Z/{glgk )
2
A
- g]_P6T(2€ ULP(X (MITAQUL)(XU Doo‘ (u;éAaUR)Glg u]zﬁK (512)

The last equality is obtained by using the orthogonality of R, and it can be
further simplified by using eq. (2.7) and unitarity of U/ g, as

27
S Myiy = gfm; AMOA =0, (5.13)

where the form of M° and A“ given in eqgs. (2.5,5.3), is used to get the last
equality. As mentioned earlier, the vanishing of 6 Mg;, is in accordance with
the renormalisability [39, 44] of the theory as there are no corresponding coun-

terterms to renormalise.

Expanding the finite part of eq. (5.10) and substituting eqs. (5.3), (2.8), and

(2.33), the one-loop correction to the effective 3 x 3 mass matrix simplifies to:

2

(0M);; =~ 1g6pn2RabRcb(/\aM0/\c)ijAbO[Mzﬂ: (5.14)

where M is the effective 3 x 3 mass matrix which has the form as given in eq.



96 5 - Radiative mass mechanism in Non-Abelian Gauge theory

(2.6), and

M2 2 M2 2

M?In 2L —m21ln2 MZ?InZb —m?In 4

2 bl 37 2 b 2 47 2
Abo[M;] = - R + 7 .2
M, —m3 M, —mj

(5.15)

Using eq. (5.3), we also find that oMy, = 0 M4 = 0. The absence of observable
new gauge bosons or vector-like states suggests the hierarchy ms; < My, my. In

this regime, the loop function in eq. (5.14) can be approximated as

2 2
p My o

m? M?

b
AbO[MZf]:Mz—41n —2 . (5.16)
Using eq. (5.16) and the explicit expressions for the A* provided in Ap-
pendix A, the following key features of the loop-corrected fermion mass matrix

can be inferred from eq. (5.14):

* The loop-induced masses are suppressed by the loop factor g7/ (16m?)
when my > M;. If my < My, an additional suppression by a factor of

mi /le occurs.

* For a generic choice of gauge boson masses and the orthogonal matrix R,
eq. (5.14) predicts that the first and second-generation fermions acquire

masses of the same order at 1-loop.

* A desirable scenario is one where only the second-generation fermions
gain mass at 1-loop, while the first generation remains massless and ac-
quires mass at higher orders. However, from the inspection of eq. (5.14)
and the Gell-Mann matrices, no configuration is found that strictly pre-

vents the first-generation fermions from obtaining mass at 1-loop.

These results suggest that while the loop-suppressed masses for the first and
second generations naturally emerge, achieving a hierarchy between them re-
quires additional mechanisms. Utilising the first feature, consider first o gauge

bosons, 1 < a < 8, have masses as M, < my, and the rest have masses M,, > my
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withn=a +1,...,8, then eq. (5.14) leads to:

2 a 8

(6M)ij = 1g6Fn2 (/\QMO/\C)ij ZRaaRcaAbO[Mi] + Z RachnAbO[MI%] :
a=1 n=a+1

(5.17)

"% If such
M,% sucn a

The relative suppression of the second term w.r.t the first term is
scenario is achieved along with restricting the values of R, such that the first
term of eq. (5.17) would generate second family masses and the second term
the first family, then the framework will account for the hierarchical spectrum
of the SM fermions. In the next section, we provide explicit realisation of this

proposal.

5.2 Gauge-boson mass hierarchy

Consider a two-step breaking of the SU(3)r symmetry as follows:

SU(3)F&>—>SU(2)F&>—>nothing, (5.18)

where (111) > (115). In this setup, the gauge bosons associated with the SU(2)g
generators are expected to be significantly lighter than the remaining five gauge
bosons. This hierarchy in the gauge boson masses naturally translates into
the mass hierarchy between the first- and second-generation fermions, as we

demonstrate below.

In our chosen basis for the Gell-Mann matrices, it is convenient to associate
the intermediate SU(2)r symmetry with the generators A* (& = 1,2,3). The
remaining indices are labeled as m = 4,...,8. In the basis AZ = (AZ,A%), the

gauge boson mass term can be expressed as:
M _ Lo

with

M? M?
] (5.20)

Mz:[ (33) (35 |
(M35))" M5,
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2
Here, M (4B)

trix. The two-step breaking of the SU(3)r symmetry implies a hierarchy in the

mass blocks, with M(233),M(235) < M(255).

gauge boson mass matrix to be diagonalised using a see-saw-like procedure. At

are sub-blocks of dimensions A x B in the gauge boson mass ma-

This hierarchical structure allows the

leading order, the resulting orthogonal transformation matrix can be written

as:
R3; —pR
R= T3 PRS00, (5.21)
P R Rs
where p = —M(235)(M(255))_1. In this expression, R3 and Rjs are real orthogonal
matrices of dimensions 3x 3 and 5x5, respectively. The explicit form of R; (Rs)

can be obtained by diagonalising the real symmetric matrix M (233) (M(255)) given

in eq. (5.20).

By substituting eq. (5.21) into eq. (5.14) and focusing on the leading order

terms of the seesaw expansion parameter p, we obtain

2
_ & 0 2
(0M)ij = o= (R3)ap(R3)yp(A°M /\y)ijAbO[Mﬁ]
+ (R3)ap(p" Ra)up (A" MOA™ + A" MOA®)  Abo[ME]
+ (Rs)un (Rs)pn (A"MOAP) - Abo[M]] (5.22)
- (RS)mn(pRS)an(/\mMO/\a + /\QMO/\m)ij AbO[Mrﬂ + 0(p2) :
Recall that the indices a,f,--- = 1,2,3 correspond to the lighter gauge bosons,
while m,n,--- =4,...,8 correspond to the heavier ones. The first term in the ex-

pression for SM provides the dominant contribution since M2 < M2,. Due to the
structure of A%, which has a vanishing first row and first column, this contribu-
tion is rank-one, generating mass only for the second-generation fermion. For
M, < my, this second-generation mass is suppressed only by the loop factor rel-
ative to the third-generation mass. The masses of the first-generation fermions,
however, arise from the remaining terms in eq. (5.22) and are further sup-
pressed by factors of M2/M2 or mj/M2 compared to the second-generation

mass. This hierarchy ensures that the 1-loop-induced corrections produce the
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desired mass pattern for fermions if the scales satisfy:
M2 <smj < M2, (5.23)

This relationship implies that the scale of SU(3)r symmetry breaking and the
mass scale of VL fermions must be comparable. However, the overall scale of
these new states remains unconstrained by the fermion mass considerations

alone, as the finite corrections depend only on the ratios of m4 and M,.

5.3 An explicit Model

Building on the general conditions required to generate a fermion mass hi-
erarchy through quantum corrections induced by SU(3)r gaguge bosons, we
present a specific and minimal implementation of the framework where these
aspects are explicitly realized. As anticipated, we assume that the three gener-
ations of the SM fermions transform as fundamental representations under the
horizontal gauged symmetry SU (3)r. Additionally, we include Ny, a triplet of
three SM singlet fermions under SU(3)f, which is essential for anomaly can-

cellation.

The SM Higgs doublet is replaced by two Higgs doublets, each appearing
in three copies to form triplets of SU(3)r. Furthermore, two SM singlet scalar
fields, #;, transforming as triplets under SU(3)f, are introduced. These fields
are necessary to achieve consistent gauge symmetry breaking and to generate

the desired fermion mass matrices at the tree level.

As outlined earlier in Section 5.1, the framework also requires VL fermions,
which are assumed to be singlets under the new symmetry. The complete set of
matter and scalar fields, along with their transformation properties under the

SM and SU(3)f, is summarized in Table 5.1.
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Fields (SU(3).xSU(2).xU(l)y) SU(3);
Qr (3,2,3) 3
Uug (3,1,3) 3
dg (3,1,-2) 3
¥, (1,2,-1) 3
er (1,1,-2) 3
Ng (1,1,0) 3
H, (1,2,-1) 3
H, (1,2,1) 3

1,12 (1,1,0) 3

T, Tr (3,1,3) 1

By, Bg (3,1,-2) 1

Er, Er (1,1,-2) 1

Table 5.1: The SM and Gp quantum numbers of different fermions and scalars in the
model.

5.3.1 SU(3)r breaking and gauge boson mass ordering

The absence of SU(3)r gauge bosons in experimental observations so far sug-
gests that the breaking scale of this symmetry is significantly higher than the
weak scale. As a result, the primary breaking of the new gauge symmetry
must be driven by the SM singlet fields 71, ,, with contributions from the elec-
troweak doublets expected to be negligible. Based on this reasoning, we focus

on SU(3)f breaking exclusively driven by #; ,.

The most general and renormalisable potential involving 7, , can be written

as

V(gum) = miygim +mynin—{minin +hc)

+ %(’7?’71)2+%(113172)2+«S3(171+171)(17§172)+é4(:71*112)(17;;71)
+ {%(ﬂfﬁz)2+€6(ﬂfm)(nfﬂz)+57(17§172)(17Mz)+h.c.}.(5.24)

Here, all the parameters except &5 ¢ 7 and m?, are real. In order to minimise the

potential w.r.t 7, 5, we define the VEVs as:

()= (vp,0,0)7, (1) =1(0,0,evp)". (5.25)
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The preferred way of the breaking of SU(3)f, as given in eq. (5.18), requires
€ < 1. We will show that such a minima exists for a suitable choice of param-
eters. Also, without losing generality, one of these VEVs can always be chosen
in this form using an SU(3)f rotation. A single field in this configuration does
not completely break the gauge symmetry, leaving an unbroken SU(2) sub-
group. Therefore, at least two scalar fields with VEVs in different directions
are required to fully break the SU(3)r symmetry ( for an overview of SU(N)

breaking with vector representations, see [132]).

For the VEV configuration of #; , given in eq. (5.25), the minimisation of

the potential leads to

v(mi, +v2& +e*v?&) = 0,
ev(md, +e?v?&, +v2&3) = 0. (5.26)

The non-trivial solutions of these equations correspond to

2 2
_mzzél + m11§3

&1&-&3

2 2
—-m +m

p2 = et g e
&1 &5

(5.27)

The VEVs are expressed in terms of real parameters m%l, m%2, and & 5 3, with

the latter constrained by the stability conditions of the potential:

1220, &2-&1&,. (5.28)

For 0 > &3 > —/&1 &>, it follows that &;¢&, — 532 > 0. Further assuming |m§2| <
Im?,|, & < &, and m?, < 0, the VEVs in eq. (5.27) remain real. Their ratio is
then determined as

e’ ~ & < & <1. (5.29)

&2 V&
Moreover, for &3 ~ —/&;&,, the VEVs in eq. (5.27) correspond to the global
minima of the potential among the available solutions of eq. (5.26). In conclu-
sion, the desired VEV configurations for 7; , can be achieved while satisfying

stability constraints for an appropriate choice of parameters.

Following the spontaneous breaking of SU (3)F, the kinetic terms associated
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with 771 ; result in the gauge boson mass matrix defined in eq. (5.19):
2
My =) ) A AN ,). (5.30)
s=1,2

Using eq. (5.25) and explicit forms of the generators 1%, the above mass matrix

can be written in the notation of eq. (5.20) as

g2v2
M(233) = %Diag.(ez,ez,ez) ’
2.2
8PV .
Miss) = %Dmg‘(l'l'l+€2'1+€2,§(4+62)),
L {0000 o0
rv
Ms) = 5[ 0000 0 (5.31)
0000 —£

V3

The structure of the gauge boson mass matrix, in this case, is extremely simple,
with mixing occurring solely between the states Ag and Ag, both associated

with diagonal generators.

Due to the simple form of the matrix M?, the diagonalising matrix, parametrized

by eq. (5.21), has following explicit forms for its block elements:

0000 O
Ry =133, Rs=1Is505, p=| 0 0 0 0 O : (5.32)
000 0 -2

The diagonal gauge boson mass matrix then has the form:

2 gﬁ”ﬁ . 2 2 2 2 24 1, 4
D :TDlag.(e ,e5,e5,1,1,1 +€5,1 +€ ,§+§e )+O(e ). (5.33)

2

Therefore, the hierarchical gauge boson masses M?, ; < M ¢ are naturally

.....

achieved, as required to generate the mass gaps between the first and second-

generation fermions.
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Substituting eq. (5.32) in the (0M);;, we find

1672 : 8
—(6M);; = Z(AQMOAa)ijAbO[Mg]JrZ(AmMOA’“)ijAbO[M;]
8F a=1 m=4
\/5 2 /\3 0/\8 8xrr013 b 2 b 2
+ € (APMOA® + ABMOA )ij(A o[M3] - Abo[Mg])
+ O(eh). (5.34)

An apparent degeneracy of some of the gauge bosons allows further simplifica-

tion. Denoting,

2 oAf2 o S22 — af2
Ml—MZ—M3=lel

3
2 2 2 _ 2
M} = .= M7= Mi=Mj, (5.35)
and using e? = M%l /Mzz, we find
0 0 0
1672 0 0 0 ’
. oM = [0 MY, +2MY  -MY,  |Aby[M7]
0 -M3j,  2My,+ M3,
2(MO,+M0) 0 0
- 0 2MO 0 [Aby[MZ ]
0 0 2M}

0 0 0
M7, -2M;, -2My,

+ % —2M9, MY, M), Abo[gMgz] (5.36)
—2M3, My, Mg
wp [0 M o
oo | M M0 (Abo[,] - abo| 572, |)

0 0
M31 0 _M33

As expected, the first term exhibits a vanishing row and column, leading to
mass generation for only the second-generation fermions. The remaining terms
are suppressed by either mﬁ/M%2 or M%l /MA%2 relative to the second-generation

mass, resulting in a small mass for the first-generation fermions.



104 5 - Radiative mass mechanism in Non-Abelian Gauge theory

5.3.2 Charged fermion masses

Using the defined set of fields and their transformation properties listed in Ta-
ble 5.1, the most general renormalisable Yukawa Lagrangian of the model can

be expressed as

_[:Y = yuaLlHLIITR +ydaL1HZiBR +y€@L1H;ER

/(s) (s) (s)

vu Tondug +v," Bunhdy + ve '

+ ELT]SI' e;.Q
—|— mTTLTR —|— mBELBR —|— mEELER + h.C. (537)
wherei =1,2,3isan SU(3)r index and s = 1,2 denotes multiplicity of # fields.

Here, all the fields are written in the flavour basis.

It is evident that following the breaking of SU(3)r and electroweak symme-
tries, the Yukawa interactions presented in eq. (5.37) result in tree-level mass

matrices in the specified structure of eq. (2.6) with

T
= ( vl el vl ) and p} = ( v 0 9P evg ) (5.38)

where f = u,d,e corresponds to the three types of charged fermions. Fur-
thermore, v’ = (H!), and vf =] = (H;). The VEVs of 1, ; are given in eq.
(5.25). The tree-level effective mass matrix, after integrating the heavy vector-
like states, can be expressed as

1

?\TO _ ’

u,de = _m Hudely de- (5.39)
T,B,E

The specific forms of py and ;4} given in eq. (5.38) result in the matrix M}?

having a vanishing second column.

At the 1-loop level, the mass matrices for the charged fermions are expressed

as follows

My = M} + oMy, (5.40)

and the value of 6My can be deduced by applying the general formula, eq.
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(5.36). By incorporating the structure of the tree-level mass matrices, we obtain

5 0 0 0
8
6Mf = 16;2 0 2(M]9)33 _(M}))23 AbO[Mél]
0 0 (M
(MP)s3 0 0
+2l 0 (M) 0 [Aby[MZ]
o0 (MY,
| 4(M}))11 0 —2(M}))13
+ 3| “2(Mp)a 0 (M) Ab0[3M§2] (5.41)
~2(M{)s1 0 (M})s3
0 0 (Mj(c))w
€? 0 2 4,
+ S| D 0 0 (Abo[le]—AbO[gMzz]).
(M]9)31 0 —(M}))33

In the following section, we show that the aforementioned My is capable of
reproducing the observed mass spectrum of charged fermions as well as the

quark mixing patterns.

5.3.3 Neutrino masses

As mentioned earlier, the anomaly-free nature of the model requires the inclu-
sion of SM singlet fermions Ni. Given the field content and symmetry of the
model, it is clear that there is no Dirac Yukawa coupling between L; and N,
nor is there a Majorana mass term for Ny at the renormalisable level. This pre-
cludes Ny from contributing to the light neutrino masses via the conventional

type-I seesaw mechanism.

However, the model’s symmetry allows for the following Weinberg opera-
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tors:

(e o \(wiert & (AN AN (i jogt
AT () 25 ) () (%) ()
! ]

C3 (Trcigyd F—
+X(qf; \IIL)(HuiHuj), (5.42)
which can generate suppressed neutrino masses relative to the charged fermions.

Extending the model to achieve an ultraviolet completion of these operators is

straightforward.

For instance, the simplest approach involves introducing two or more fermions,
Vrk, Which are singlets under the full gauge symmetry and hence do not con-
tribute to anomalies. These singlets can couple to the SU(3)f triplet L; and
anti-triplet H'., producing a standard Dirac Yukawa term, and can also have
a Majorana mass term unrestricted by the gauge symmetry of the model. In-
tegrating out vy generates the first operator in eq. (5.42). Likewise, the sec-
ond and third operators can arise from integrating out heavy SU(3)r adjoint

fermions and sextet scalars, respectively.

Unlike charged fermions, neutrinos can acquire masses at tree level through
dimension-5 operators, bypassing the constraints imposed by the underlying
flavour symmetries. This feature is particularly advantageous since the inter-
generational mass hierarchy among neutrinos is significantly weaker compared
to that of charged fermions. As a result, the neutrino masses and mixing pa-
rameters remain largely unconstrained within the framework of the effective
theory. However, it is important to note that specific constraints may arise de-

pending on the particular UV completion chosen.

5.4 Numerical Solutions

To validate the model and understand the structure of its parameters, we per-
form a numerical analysis to find example solutions that reproduce the ob-

served charged fermion masses and quark mixing parameters. By redefining
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P Solution 1 (S1) Solution 2 (S2) Solution 3 (S3)
My, 10% GeV 10° GeV 108 GeV
€ 0.0284 0.0365 0.0239
er 0.0123 0.0155 0.0106
€ 0.5742 0.9587 0.7666
€E 0.8626 0.9019 0.6797
€11 -0.2351 0.3936 -0.1797
€42 0.0272 -0.3794 0.1144
€43 0.2581 -0.8025 0.2438
€ -0.5324x107% 0.3015x 1073 —0.2084x107°
€, —0.0341+i0.0066  0.0144-i0.0063 -0.0160-1:0.0279
€ -0.3782 0.2035 -0.2885
€42 0.0675 -0.1759 0.2067
€43 0.4154 -0.4239 0.3919
€ 0.0168 0.0317 0.0240
€, 0.0016+i0.43x107° 0.0022+i0.0008 0.0022 +i0.0010
r -0.2676 -0.2293 0.3748
€l 0.0118 -0.0325 -0.0083

€,  0.0545+i0.0017

-0.0708 -i0.0027

-0.0341-i0.11x1073

Table 5.2: Three different set of the optimised values of the model parameters (P) for
different Mz, which lead to viable charged fermion masses and quark mixing.

various matter fields in eq. (5.37) to remove unphysical phases, we ensure that

/(1

the parameters yy, Vs ), and mr p ¢ are real. Additionally, we assume all VEVs

/(2)

. . 2
are real, leaving only three complex parameters in the model: y '/ .

From eq. (5.38), this results in real values for (p¢); (for i = 1,2,3), (,”})1'

and a complex (;4})3. Furthermore, we impose the relation

HPe = &I‘d =THa,

Yd

(5.43)

where r is a real parameter. In total, the model contains 21 real parameters,
including real values for p,;, pai, v, pi,1, Wy1» Hoy» M1, Mp, Mg, Mz, and My,
along with complex p, 3, p;, and pu,;. These parameters must account for 13
observables: 9 charged fermion masses, 3 quark mixing angles, and a CP phase.
Despite having more parameters than observables, it is not immediately clear
whether the model can successfully reproduce the experimental values due to

various constraints and correlations among parameters, as we describe below.

To simplify the discussion, different dimension-full parameters can be rep-
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resented using the mass scales and dimensionless variables. Since, it is de-
sirable to have M%l < m%’B’E < M%z, as suggested in eq. (5.23), to obtain the

hierarchical spectrum, we introduce
mr ZGTMzz, mBZGBMZZ, meg :eEMZZl (544)

with er p  as dimensionless parameters. Additionally, the e parameter is obatined

from My = eMy,.

Since py; are solely originated from the electroweak symmetry breaking, we

define
Hui = €4iV, Hgi = €3;V, (5.45)

where v = 174 GeV.

Similarly, for flavour symmetry-breaking parameters ;4} ., we write

ﬂ}l - 6}1MZZ: ,”}3 = 6}3Mzz- (5.46)

In this way, various dimensionless parameters € and €’ can preferably take val-

ues less than unity.

For a given value of My , the remaining dimensionless parameters are de-
termined using the x? optimisation technique, as detailed in chapter 3. Three
benchmark solutions obtained through this method are presented in Table 5.2
for different Mgz, . The minimised x? values for these solutions are 6.97, 6.90,
and 6.46 for S1, S2, and S3, respectively. Additionally, Table 5.3 provides the
resulting charged fermion masses and quark mixing parameters for each solu-

tion, alongside their corresponding experimental values for comparison.

Several key features of the model can be inferred from Table 5.2. The min-
imised x? values remain nearly the same for different choices of My, indicating
that the ability to reproduce realistic flavour hierarchies depends on the relative
masses of the new gauge bosons and VL states rather than the overall flavour
symmetry breaking scale. This aligns with the expectation that flavour hierar-

chies are technically natural. All ef; values are of O(1071), suggesting that the
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Observable Value S1 S2 S3
m, [MeV] 1.27£0.5 1.27 1.30 1.30
m. [GeV] 0.619+0.084 0.618 0.623 0.609
m; [GeV] 171.7+3.0 171.7 171.6 171.7
mg [MeV] 2.90+1.24 3.17 2.39 3.46
mg [GeV] 0.055+0.016 0.005 0.005 0.009
my, [GeV] 2.89+0.09 2.89 2.89 2.90
m, [MeV] 0.487 +0.049 0.486 0.488 0.486
m, [GeV] 0.1027 +0.0103 0.1027 0.100 0.100
m, [GeV] 1.746+0.174 1.738 1.762 1.806
Vsl 0.22500+0.00067  0.22396 0.22739  0.21922
Vel 0.04182+0.00085  0.04175 0.04251 0.04099
Vsl 0.00369+0.00011  0.00368 0.00375  0.00364
Jep (3.08+0.15)x10™> 3.09x10™> 3.03x10™> 3.1x107>

Table 5.3: The fitted values of the charged fermion masses and quark mixing param-
eters at the minimum x? value for the three example solutions are presented in Table
5.2. The second column shows the experimentally measured values of the correspond-
ing observables, extrapolated to M, which were used in the x? function.

fundamental Yukawa couplings y; are of the same order, with no significant
hierarchy among the VEVs vi”’d. Additionally, as expected from eq. (5.38), the
fitted values show 6}3 < 6}1 for f = u,d. However, achieving the fitted values of

(1) ;(1)

€,, requires a two-order-of-magnitude separation between y; and vy, . Over-
all, the fundamental Yukawa couplings in this model span only two orders of
magnitude, in contrast to the SM, where they vary across at least five orders.
Since third-generation fermions acquire their masses at the tree level, the hi-
erarchy between m; and m; . does not naturally emerge and instead requires

er K €BE-

From Table 5.3, it can be noticed that all observables, except for m;, are fitted
within the +1¢ range of their reference values across all solutions. The fitted
value of m; deviates by approximately 30 from its experimental value evolved
at M, scale. Despite the model containing more parameters than observables,
its inability to precisely match the central value of m suggests the presence of
non-trivial correlations among observables arising from the predictive nature
of the non-Abelian flavour symmetry. Notably, a more precise measurement of
the strange quark mass could potentially falsify the model, irrespective of the

SU(3)f breaking scale.
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5.5 Flavour violation

As we have done in previous chapters, we discuss the phenomenological im-
plications due to the inherent presence of flavour-changing neutral currents
induced by the gauge bosons of SU(3)r only. We study them in detail in this
section by first deriving the general dimension-6 effective operators and then

estimating various relevant quark and lepton flavour transitions.

Rewriting eq. (5.2) in the physical basis of fermions and gauge bosons, one

finds
8F (7 Ja r ya
_ﬁgauge = TF(fLiy’l(/\fL)ijij + fRiyy(/\fR)i].ij)RabBiz (5-47)

where

X?L,R - UfZ,R Af UfL,R; (5.48)

and U/  are the unitary matrices that diagonalise the 1-loop corrected mass
matrix M. From above, integrating out the gauge bosons, we find the effective

dimension-6 four fermion operators as

Keff = 1]k1 leV fL]f kaﬂle

RR
+ L v fo P revifi

+ 1(]kl “Fiv fii F rvufi

+ z(]kl fRzV fR]f kayfu; (5.49)

where

COp" = SRR (), (), (5.50)
ijkl M2 abTcb \TfP )\ fP '

and P,P’ =L,Rand f,f’ = u,d,e. For a hierarchical mass spectrum of gauge

bosons, the coefficients of the effective operators can be further simplified. By
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applying egs. (5.20,5.21), we obtain at the leading order in p as

8 ~(sfpp 1 B\ (7Y
—Ciiki = 10 ((R3)[3’a(R3)ya(/\fP)i]. (/\f/p')kl
gF a

- (R3)ﬁa(pTR3)m“(jJﬁ(P)ij(i;ﬁp,)kl
(

M2,

~ (R5)um(PR5) am /\?P ij /\?'P/)kl)' (5.51)

It can be seen that the first three terms are proportional to M. Out of these,
2nd and 3rd terms have a relative suppression p compared to the first. Simi-

larly, the other three terms with proportionality M,? follow the same trend for

relative suppression among them.

Further simplification is possible within the explicit model by utilising eqgs.

(5.32) and (5.35). Substituting these into the above equation, we obtain:

8MZ, (s pp ° )V
—2 Ciju = Z(’\fp) Ajp), e ) (17 Af’P'
8F a=1 =4

ol

- Tez(( ), () + (), (if"l")kl)
)-

3 Z(Afp) (/\f,pf)kl (64 (552)

q;

At leading order, flavour violation in the model is dictated by the coupling
matrices X?L,R. Since these matrices do not commute, it is not possible to si-
multaneously diagonalise all of them for any choice of U . As a result, the

most significant flavour-violating effects arise from the coefficients

’ ’ 2 3 ~
G g L 55

a:

This expression can be used to estimate the leading contributions to various

flavour-violating processes in both the quark and lepton sectors.
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5.5.1 Quark sector
. . PP’ .. . .
The strongest constraints on various C 1(]?; ) primarily arise from meson-antimeson
. . =0 50 ey —=0 .
oscillations such as K - K, Bg —~BY%, B~ BY% and D’ - D". To quantify these
constraints, we closely follow the procedure adopted in the previous chapters.
For M° — MO transitions, the effective Wilson coefficients C]iVI, defined in eq.

(3.21), can obtained at y = My, as:

Ck=-Chn'  Ch=-cin™  ci=-4cin™, (554
ci, =-cisnt, b =-ciih™ ¢, =-aciii, (5.55)
Ch=-Cit,  Ch=-cin™ g =-aci, (5.56)
Ch—-clult,  Ch——cl®, ch——acl® (s)

The remaining C}, and C}, are zero at this high scale.

Using the renormalisation group equations, we evolve all the coefficients
from y = My, to their respective mesonic scales, as discussed in previous chap-
ters. This running induces a non-vanishing C]%/[, while C]%f and Cif remain
zero. The evolved Wilson coefficients are computed using eq. (5.53) for the
three benchmark solutions are listed in Table 5.2 and are compared with the
corresponding experimental limits provided by the UTFit collaboration [100].

The results are summarized in Table 5.4.

5.5.2 Lepton sector

As noted in the previous section, the dominant contribution to the flavour vi-
olation process is governed by the first three gauge bosons Bj;. The exchange
of By mediate lepton flavour violating process like y — e conversion in nuclei,
l; > 3l;and I; — I;y. The first two processes arise at the tree level, whereas the

latter is at the one-loop level in the present model.

The branching ratio for the process y — e conversion in the field of the

nucleus can be computed using eq. (3.26) and (3.27). The couplings gé?,)’RV,
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WC Allowed range S1 S2 S3

ReCyp [-9.6,9.6]x10713 3.8x10712 -25x1071 3.4x107°
ReCy [-9.6,9.6]x10713  6.1x1071°  2.1x10717 -9.9x107%
ReCy [-3.6,3.6]x10715 3.7x10710 -3.7x10715 2.0x107!8
ReCy [-1.0,1.0]x1071* 3.3x1071% -3.2x1071 1.6x107!8
ImC}, [-9.6,9.6]x1071% 2.1x107'!  1.4x10715  8.6x10720
ImCj, [-9.6,9.6]x1071% 42x107'® 3.1x107! -1.5x10722
ImC¢ [-1.8,0.9]x107Y7 58x1071® 1.5x107'% -2.8x107!8
ImCy [-1.0,1.0]x1071* 51x107'1% 13x107'* -22x1071®
|C113d| <23x107 1 24x10710  1.4x10714 2.0x10°18
|C’};d| <2.3x1071! 8.5x10712  4.1x107'° 7.8x10720
|C§d| <2.1x10713 1.3x1071%  7.7x10715 1.6x10718
|C§d| <6.0x10713 2.2x10710  1.3x10°!4 2.5%x10718
|c,§s| <1.1x107° 2.0x10711  6.4x 10716 1.7x1071°
|C}35| <1.1x107° 9.5x10713  9.8x107! 2.4%x10720
IC.| <1.6x107!1 5.8x10712  9.4x 10716 1.6x1071°
IC3 | <4.5%x10711 1.0x10711  1.6x10715 2.4%x1071°
1L <7.2x10713 1.5x107'12  2.4x1071° 2.8x1071°
ICL <7.2%x10713 9.4x10717  8.2x107!8 8.0x 10723
I3l <4.8x10714 44x107*  55x1071¢  2.0x10720
IC3)| <4.8x10713 52x1071%  6.1x10716 2.1x10720

Table 5.4: Numerical values of WCs (in GeV~? units) for operators contributing to
meson-antimeson oscillations, estimated for three example solutions. The experimen-
tally allowed ranges are taken from [100]. Values highlighted in red exceed the respec-
tive limits and are therefore excluded.

q = u,d, appearing in these expressions, can be parametrized for the present

theory as
(@) V21 () (eq)L
gLZ/ ~ G_FE[C”“ +C2111 ]
V21 RR RL
&~ &gl - o (5.58)

The computed branching fraction for the three benchmark solutions are given
in Table 5.5. It can be seen that the present experimental limit disfavours S1 in

this case.

In the present model, the exchange of new gauge boson Bj dominantly con-

tributes to the trilepton decay /; — 3/; at the leading order. Following the ap-
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LFV observable Limit S1 S2 S3
BR[p — €] <7.0x10713  46x107° 1.2x107Y7 3.1x107%
BR[y — 3¢] <1.0x107'12 1.2x107!! 8.7x10720 56x107%
BR[7 — 3] <21x10% 85x107'? 1.2x107"" 53x107%
BR[7 — 3¢] <2.7x107%  1.7x1071% 1.5x1071 9.4x107%
BR[y — ey] <42x1071% 3.6x107'1° 1.8x10°'7 3.5x107%
BR[t — puy] <4.4x10% 56x1071 51x1072° 1.1x107%
BR[t — ey] <33x10% 25x107'? 1.3x1072° 23x10°%

Table 5.5: Branching ratios evaluated for various charged lepton flavour violating pro-
cesses for the three example solutions listed in Table 5.2. The corresponding exper-
imental limits are extracted from [108]. The values excluded by the limits are high-
lighted in red.

proach outlined in [133], the decay width for this process can be systematically

estimated. In the limit m; > m;, the expression takes the form

4m? (ee)PP’ 2
_ 1
PP’
which, using eq. (5.53), takes the following form
8 My f f
_ 1 ja 1 o 1
Plli = 351 = {6 1536 =1 [( ) (e, +(A6R)ji(A3R)ﬁ]

g [(X?L)jf (XEL)J']' +ie); (X/:R)ﬁ] -(5-60)

The branching ratios for y — 3¢, T — 3e and T — 3y calculated using the above
expression are given in Table 5.5 for three solutions along with their corre-

sponding experimental limits.

The contribution arising from the exchange of By to the process I; — [; can
be estimated by following [110]. The computed decay width in the approxima-

tion Mz, > m;,m; can be parametrized as

3
a 4 m2
Il —1y) ~ 255 1-m—f2 m? (jor? + logl?), (5.61)
i

64
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where

m; . - - - - -
Zlyl HZ(Af)jk(’\%)ki + Y (Ag)jk(/\z)ki — 4% Z_Ilc (/\%)jk(/\g)kil '
(5.62)

In a similar manner, o can be derived by swapping L and R in the above ex-

pression. The loop functions Y;,Y;, and Y; are defined as follows:
Yi=Y,=2a+6c+3d Y;=a+ 2c, (5.63)

and the explicit expressions of a,c, and d are given in [110]. Using eq. (5.61),
the estimated branching ratios for y — ey, T — py and T — ey are listed in

Table 5.5 for the three example solutions.

By comparing the estimated magnitudes of various flavour-violating observ-
ables in Tables 5.5 and 5.4 with their corresponding experimental limits, we
find that among the three benchmark solutions, only S3 remains viable. This
suggests that the lowest possible scale for new physics is approximately 103
TeV. However, a slightly lower scale could be allowed if we impose a specific
ordering of the parameters pf; and P‘}i' as discussed in Section 4.2.2. Since
our primary goal is to demonstrate the existence of viable solutions, we do
not explore such cases where fine-tuning of parameter values might permit
a marginally lower phenomenologically allowed scale for new physics. Addi-
tionally, even in such cases, the predicted scale would still be higher than the
estimates presented in Chapter 4, which considers optimal charge assignments

for a flavour-nonuniversal U(1)r.

5.6 Conclusion

We have demonstrated that a gauged horizontal SU(3)r symmetry can be effec-
tively utilised to ensure that only the third-generation fermions acquire mass at
the tree level, while the masses of the lighter generations arise from self-energy
corrections. Our analysis shows that radiative corrections typically generate

masses for both the second and first-generation fermions at the one-loop level,
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necessitating a separate explanation for the hierarchy between them. We estab-
lish that this hierarchy can be achieved if SU(3)r undergoes a two-step break-
ing with an intermediate SU(2) symmetry. This results in a mild hierarchy
among the gauge bosons of the local flavour group, which is then transferred to
the fermion sector through quantum corrections. To illustrate this mechanism,
we construct an explicit model and demonstrate how it successfully reproduces

the observed hierarchical structure of quark and lepton masses.

Phenomenologically, the breaking scale of SU(3)f is primarily constrained
by flavour violation. The new gauge bosons exhibit O(1) flavour-changing cou-
plings with the SM fermions as also observed in the previous models. This leads
to significant rates for flavour-violating processes. Constraints on such pro-
cesses imply that the lowest viable new physics scale must be approximately
O(10%) TeV. A similar conclusion is reached in Chapter 3, which explores a
flavour-nonuniversal U(1) x U(1) symmetry. As previously noted, this pre-
dicted scale is nearly two orders of magnitude higher than the lowest allowed
new physics scale for the U(1)r symmetry with optimal charge assignments, as

discussed in Chapter 4.

Although the current framework does not achieve the scenario of optimal
flavour violation, it introduces two key improvements over previous models.
First, the gauge boson mass hierarchy in Chapter 3, or the smallness of the €
parameter in Chapter 4, both introduced as ad hoc assumptions, now emerge
naturally from a sequential breaking of a single gauge group, SU(3)p. Sec-
ond, the use of a single non-Abelian flavour group results in a more predictive
framework by reducing the number of free Yukawa couplings in theory. After
removing unphysical phases, the number of independent Yukawa couplings
is reduced from 20 in the previous two chapters to 12 in the present model.
This reduction introduces correlations among the masses of various quarks and
charged leptons. One example of this is evident in the model’s preference for
a strange quark mass that is 30 lower than the current experimental value.
Therefore, the present scenario can also be tested by precise measurements of

the light quark masses.



Left-Right symmetric extension and

Accommodating the strong CP solution

We briefly discussed the strong CP puzzle in chapter 1.3 and mentioned that
the physical CP violating phase in the strong interaction sector is 6 = Ogcp +
arg(det(M,M,)). In the radiative mass models described in chapter 3 and 4,
the first two generation fermions remain massless at tree level. This, in turn,
makes 6 unphysical and can be fully rotated away by redefining the massless
chiral fields similar to massless quark solutions of strong CP. However, this
doesn’t hold true when the quantum corrections are added to induce the lighter
generation masses. In other words, large CP-violating phases are induced when
all of the fermion masses are generated. So, the radiative mass models based on

the SM extension frameworks don’t solve the strong CP puzzle automatically.

In this chapter, we show that the radiative mass mechanism, when imple-
mented in a left-right (L-R) framework, finds a possible explanation for a strong
CP puzzle. An additional requirement is the imposition of parity invariance,
which makes the mass matrices to possess Hermitian structure. One crucial
difference between this framework and Babu-Mohapatra solutions [32, 33] is

that here, the lighter generation fermion masses are induced radiatively as
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opposed to their model, where masses were obtained through the universal
seesaw mechanism [85]. A similar framework is proposed in [134], which ex-
plains the quark mass hierarchies through the seesaw mechanism and solves
the strong CP puzzle by incorporating the so-called Neslon-Barr mechanism.
A key characteristic of our mechanism is that, since the masses in our scenario
are partially computable parameters of the theory, the CP phase 6 also becomes

a computable quantity.

The remainder of the chapter is structured as follows: Section 6.1 presents
the explicit model incorporating radiative mass generation and a strong CP so-
lution. Section 6.2 examines fermion mass generation and the strong CP phase
across different orders in perturbation theory. Section 6.3 discusses the quali-
tative features of the framework along with some phenomenological analysis.

Finally, Section 6.4 summarizes our findings.

6.1 Overview of the Model

The gauge symmetry of the model is SU(3)cxSU(2); xSU(2)gxU(1)p_1 X G
with parity invariance imposed. Here, Gp = U(1),_3 is a generalized version of
the well-known L,—L, symmetry, extended to include all fermions. The particle
content of the model is summarized in Table 6.1, where i = 1,2,3 represents
the three generations of SM fermions. Under the new flavour non-universal
symmetry Gp, the second and third-generation fermions carry charges, while
the first generation remains neutral. In addition to the SM fermions, each sector
of charged fermions includes a pair of vector-like fermions, which are taken
neutral under the flavour symmetry. The model also introduces three copies
of scalar fields Hy; and Hy;, which transform as doublets under SU(2); and

SU(2)g, respectively.

The transformation properties of the fermions and scalars under the parity
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Particles GLRSM Gr
u
QLZ—( d ) (32135)  (01-1)
Li
u
QRi_( d) (31,2,4)  {o,1,-1}
Ri
\yLi_( v ) (1,2,1,-1) {0,1,-1}
€ JLi
Y
\yRi:( ) (1,1,2,-1)  {0,1,-1}
€ Jri
HLZ (1;211/1) {011’_1}
Hp: (1,1,2,1)  {0,1,-1)
Up r (31,1,4) 0
Dy & (3,1,1,-2) 0
Er g (1,1,1,-2) 0

Table 6.1: Particle contents of the model.
are defined below:
\IILi “—> \I]Ri )

Qri < Qri)

FL<—)FR, HLZ'(—>HR1', (61)

with F = U, D, E denoting three types of vector-like fermions with electromag-

netic charges %,—%,—1 respectively .

The covariant derivative for the gauge symmetry can written as:

T B Y, | . ,
b d, + igW, 5 +ig1By5 + 1gXXM§ For LH fields 6.2)
= o . .
Jy + igWip% + igi1B, 3 +igxX,5  For RH fields

The couplings g, g1, and gx correspond to the gauge bosons of SU(2) g, U(1)p_1,
and U(1)f, respectively. To ensure invariance under the parity transforma-
tion W,; < W, the coupling g is taken to be the same for both SU(2); and
SU(2)g. The quantum numbers Y; and X represent the charges under B—L and
Gp, respectively, for the fields on which the covariant derivative acts. When the
scalar fields acquire VEVs, the full gauge symmetry undergoes spontaneous

breaking, leaving SU(3)c x U(1)gy as the unbroken subgroup. Diagrammati-
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cally, the symmetry-breaking pattern is:

SU3)exSU(2) xSUQ2)rxU(1)p xGr 2 sU(3)e xSU(2), x U(1)y

B sU(3)ex Ul ey (6.3)

In this framework, the hyper-charge Y and the electromagnetic charge Q are

defined as follows:
3 3, Y
The VEVs mentioned in eq. (6.3) are denoted as follows:
(Hpj) =v; and (Hg;) = vg;, (6.5)

and it will be subsequently shown that both v;; and vg; can be chosen as real

without losing generality.

The renormalisable scalar potential, which is both gauge and parity invari-

ant, can be expressed as:

V = uiHHy; + pg HyHyi + (A); [(HziHLi) (ngHLj) + (Hy,; Hg;) (HIJEJ'HR]')]
+ (D) [(HLHLJ') (HZjHLi) + (Hy;Hg;) (H;Q]'HRi)] + (X);; (Hf;Hy,) (H;EjHRj)
+  (V)ij (H{;Hyj) (HE;Hg;), (6.6)

with () bracket indicating singlet combination. To softly break the parity sym-

metry, the condition P‘%i # ;412{1. is imposed. Additionally, the matrices A and A’

can have vanishing diagonal elements without any loss of generality.

Moreover, it can be verified that all the parameters in the potential are real.

. y%’Ri,/\,i and A’ are real parameters as corresponding operators are self-

conjugate.

. (i’),-j is real as the conjugate of the associative operator is the same as its

parity-transformed one.
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The vacuum expectation values are entirely determined by the potential pa-
rameters. Since all the parameters in the potential are real, we assume that the

resulting vacuum expectation values are also real.

For the choice of vevs given in eq. (6.5), the masses of the charged gauged

bosons can be written as;
1 1
2 2 2 2 2 2
MWLi =8 E v;;, and MWE =8 E Vg (6.7)
1 1

At the leading order, the charged gauge bosons do not mix. However, the neu-

tral gauge bosons do, and their mass-squared matrix, expressed in terms of

(WLSW ngwaXy)' can be parameterised as:
32 Yi V[%i 0 881 )i V[%i 88x (Vf3 - 7’[%2)
M2 L 0 Y vk -881 Xi Vg, 28x (Vi3 —vk,)
4 8812 Vg,‘ 8812 ijzi 812 Zi(vl%i + ijai) 18X 2 p (V%)z - V1233)
88x (Vf3 - V%z) 88x (szw - szzz) S18xLp (szvz - V1%3) g;Z( (V1222 + VZZQS)

(6.8)
Here, the summation ) p includes terms with P = L, R. It follows that the 4 x 4
mass matrix, IM?, has a vanishing determinant, with its upper-left 3 x 3 block
also having a determinant zero. The corresponding massless eigenstate can be

identified as the photon A, with its coupling constant defined as:

2 1
— == 4 - 6.9
Additionally, the submatrix:
PLivy  —881 Livy (6.10)

—881 Zivzzzi 812 Zi(v%i + vI?ii)

has a vanishing eigenvalue in the limit v;; — 0. For small but nonzero v;, the
lighter gauge boson, with a mass proportional to v;;, can be identified as the SM
Z boson, while the heavier state, with a mass proportional to vg;, corresponds
to the Zi boson. The direct search limits on Wy and Zi boson imply vg; > vy;.
It can be demonstrated that such a fine-tuned minima can be obtained from the

scalar potential defined in eq. (6.6) (for details, see [79]).
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In this minimal framework, the VEVs of the Hy; fields break both L-R sym-
metry and U(1)g. Since these symmetries share a common breaking source,
the right-handed sector and the U(1)r gauge boson acquire masses of similar
magnitude. Consequently, for further analysis, the masses of X, Z;, and Wﬁ

are taken to be of the same order as My, the mass of the X boson.

From eq (6.8), the mixing between X and Zy is suppressed by a factor
of O( Vs~ VRZ ) As the X boson couplings are flavour non-universal in nature,
the syrlr?metry breaking introduces flavour-violating couplings as discussed in
chapter 2. The aforementioned mixing then induces FCNC couplings for the
Zg boson. In a similar fashion, the mixing of X boson and the SM Z boson in-
troduces FCNC couplings for the Z boson. However, for a multi-TeV X boson,

its mixing with the Z boson is further suppressed by (9( ) ensuring compati-
X

bility with all electroweak constraints (see, for example, section 3.3.3).

6.2 Fermion masses and 0

6.2.1 Tree level

The enforcement of a well-defined parity symmetry ensures that the QCD vac-
uum angle, Ogcp, is absent from the Lagrangian. As a result, the contribution
to O originates solely from the second term of eq. (1.24), which arises from the

phases of the quark mass matrices.

Given the set of fields listed in Table 6.1, the most general renormalisable
fermionic mass Lagrangian that is both gauge and parity invariant can be ex-

pressed as:

~L, = ! (QuiHyi D + Qi Hr; D1) + v§ (Wi Hyi Er + Pk Hi EL)

V1 (Q_Ll Hyy Ug + Qri Hri UL) + 3 (QLZ Hy3 Ug + QroHgs UL)

V3 (QLs Hyo Ug + Qrs Hrz UL) + my U Ug + mp Dy D

mg E Eg + H.c. (6.11)

-+ -
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The mass terms for vector-like fermions, m p g, are real due to parity invari-
ance. Additionally, field redefinitions allow the absorption of certain phases in
the Yukawa couplings p"#¢. Specifically, it can be shown that y;"* and y? can
be chosen to be real, leaving yflg as the only complex parameters in the theory.
These complex parameters are responsible for generating the weak CP phase,
which manifests in the CKM matrix. Furthermore, an accidental CP symmetry

exists in the up-quark and charged lepton sectors at the tree-level Lagrangian.

When both the flavour symmetry and the LR symmetry are spontaneously
broken down to SU(3)c x U(1)gp, the mass matrices for the charged fermions

take the following form:

Y1 v
O u
0 3x3 Yy V13
My = >
Y3 V12
VIVRI V3VR3 Y3VR2 my
d
Y1vL1
0 d
0 3x3 YrVL2
MY = 2y (6.12)
Y3 VL3
dx dx d
Y1 VRl Yy VR2 Y3VR3 mp

with vy;,vg; as the VEVs defined in eq. (6.5) which are real. The mass matrix
MEO) for charged leptons can be obtained by replacing all ylfi,yf* with real p?

values.

It follows that the diagonal elements of the mass matrices in eq. (6.12) are
real, while the phases of the off-diagonal elements are equal and opposite to
those of their respective transposed counterparts. This structure ensures a real
determinant (in this case, it is exactly zero), as discussed in Appendix B.1. Due
to this property, these matrices are referred to as "Hermitian Type." Addition-
ally, two out of the four eigenvalues vanish, implying that at tree level, a mass-

less quark solution holds, leading to an unphysical 6.
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The mass matrices presented in eq. (6.12) can be expressed concisely as:

0
MO = i, (6.13)
HPg MF

with mp as the is the VL fermion mass term for F type, and

T
—_— , —_—
Hy = ( Vv V3VI3 V3VIo ) » My —( VIVRI V3VR3 V3VR2 ):
d d d r d d d
_ [ * *
Ha — ( V1V YoVr2 Y3VL3 ) » Mg —( Y1 VRl Y2 VR2 V3VR3 ))

T
He = (vam V5V V§VL3) ) P’é:(yfvm V5VR2  V5VR3 ) (6.14)

(0)

As previously mentioned, the matrix Mf is of the Hermitian type, as the

complex part of pg; is proportional to yf, while that of /"}i is proportional to
d»
i

The structure of M;O) in eq. (6.13) closely resembles that of eq. (2.5). Asare-

sult, it also possesses two nonzero eigenvalues, which correspond to the masses
of the third-generation SM fermions and their associated vector-like fermion

states.

In the seesaw limit, the effective 3 x 3 mass matrices for the SM fermions
take a form similar to eq. (2.6):

(0) 1 ’

M; =-—— . 6.15

f PP (6.15)

The Hermitian-type structure of M}O) remains intact, as the complex parts of

prand y} are conjugates of each other. Additionally, this mass matrix generates

masses only for the third-generation fermions, while the masses of the lighter-

generation fermions arise through self-energy corrections. These corrections

are induced by the flavour non-universal gauge boson and may contribute to

the second term of eq. (1.24).

Notably, higher-order corrections to 6 need to be evaluated only for the

down-quark sector, as the up-quark mass matrix given in eq. (6.15) is real
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and does not introduce complex parameters, even when gauge corrections are

included.

Quantum gravity effects are expected to violate all global symmetries, in-
cluding parity. However, for the proposed solution to remain valid, such gravity-
induced corrections must be sufficiently suppressed. The leading dimension-

five operators that could contribute are:

_ O(1) -
£9=5 = M(—PZ)QLiQRjHI-ngU T (6.16)

These operators introduce non-Hermitian corrections to eq. (6.15). However,
such contributions are suppressed by a factor of mp/Mp;. For mp < 107°Mp,,
these terms are too small to even play a role in inducing first-generation fermion

masses. Consequently, such corrections can be safely neglected.

6.2.2 1-loop masses and 0

As already discussed in chapter 2, the tree-level mass matrices get corrections
induced by diagrams involving massive fermions and the X-gauge boson in
the loop (see Fig. 2.1). Such corrections can be evaluated by following the
procedure outlined in section 2.1.2, and the resulting 1-loop corrected mass

matrix can be written as

; (0))
oM
MJ(‘U - ( e (6.17)
P‘} mp
where
2
0 g 0 0 0
(6MJ([ ))i]' = 16)7(12 qLi qR; (]\/IJE ))ij (bO[A/IX'mg )] _bO[MX'mA(L )]) (6.18)

Here, b is the finite part of the Passarino-Veltmann function defined in eq.
(2.31), and qy; (qg;) is the U(1)f charges of the SM chiral field f;; (fr;). Explic-
itly,

aLi = 4qri = ¢; = {0,1,-1}. (6.19)
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In the seesaw limit, the unitary matrices that block-diagonalise M) from

eq. (6.17) can be approximated as

(1) (1)
U _
u}l)L,Rz A PILR ] (6.20)
PfLR UfL,R 1

(1)

1 0 . .
where pf LR = p} )L,R represent the seesaw expansion parameters. In this

model, they take the form

o _ B o _ M

Pp L= P R T (6.21)

(1)

The matrices Uy} » are the 3 X 3 unitary matrices that diagonalise the effective

one-loop corrected 3 x 3 mass matrix:

), = (), o),
ij ij ij
— (M}O))ij(l +qLiquc), (6.22)

where the correction factor is given by

8% (0) (0)
C= 16?‘(2 (bo[Mx,m3 ]—bo[Mx,m4 ]) (623)

It follows from eq. (6.22) that the determinant of this mass matrix remains
zero, ensuring the presence of at least one massless state. For flavour non-
universal charges, second-generation fermion masses are generated, and the

diagonalisation of the effective mass matrix M(!) takes the form:

Uf§1)+MJ<[1>UfI<Q1) = Diag.((),mgrlz),m](%))’ (6.24)

(n)

where mg; represents the mass of the ih generation fermion at the n'h order.
Since one of the eigenvalues of MO (given in eq. (6.17)) is zero, 6 remains an
unphysical parameter at 1-loop level also. Additionally, from eq. (6.22), it is

evident that the Hermitian structure of the mass matrix is also preserved.

In addition to corrections induced by the X-boson, the mass matrix also re-
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ceives contributions from diagrams involving physical neutral scalar mixings.
These corrections can be computed following the procedure outlined in Section

2.4 and are given by

m *
(6M}S))ij - _1671;2 yzfy]f Z(RL)ia (RR)jaBO[mSa; me]. (6.25)

This contribution is proportional to ylfiy]‘-i*, similar to (M}O))i]-, ensuring that the
phases of (6M}S)),-j and (M}O)),'j remain identical. As a result, the scalar cor-
rections at the one-loop level are also of the Hermitian type and do not induce

a strong CP phase.

However, when these corrections are added to the mass matrix given in
eq. (6.22), they can potentially generate first-generation fermion masses ex-
clusively at the one-loop level. Since the masses of first-generation fermions
are significantly suppressed compared to those of the second generation, an
additional mechanism is required to account for this hierarchy. To avoid this
scenario as well as improve the computability power of the mechanism, it is
preferable to minimise these contributions by considering small scalar mixings,

as discussed in Section 2.4.

It is worth to note that, a possible contribution to the neutron electric dipole
moment, d; which is also a CP violating parameter, arises at 1-loop level when
a photon line is attached to the internal fermion lines in the left panel of Fig.
2.1. This contribution is proportional to the imaginary part of 5Mf1. For the
X-boson exchange diagram, 6Mf1 remains real at the one-loop level (see eq.
(6.18)), and the same holds for the scalar-mediated contribution given in eq.

(6.25). Consequently,
i o Im((éMéx))ll + (6M§5))11): 0. (6.26)

This result is a distinctive feature of our model, stemming from the fact that
vector-like fermion masses are real. In contrast, other models that employ the
universal seesaw mechanism generate fermion masses by treating vector-like

fermion mass terms as complex parameters. As a consequence, those models
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generally predict a nonzero d;, at the one-loop level.

6.2.3 2-loop masses and 0

As mentioned earlier, the one-loop corrections induced by the flavoured gauge
boson generate masses only for second-generation fermions. In this subsection,
we demonstrate that two-loop corrections can produce viable first-generation
fermion masses. Following [77], the two-loop corrected mass matrix, incorpo-
rating X-boson-induced effects (similar to of Fig. 4.1), can be parameterised

as:

2
(Mjf))ij — (Mf(,o) )ij (1 <2 g1y (o [Mx, )]~ bo [M, D)

1672
2
+ (6M}0))ij(l+%qLiqubo[MX,m}(cl3)]) (6.27)
2 *
g
+ gemsmian (Ufr) (UF) e (ol m)] - bol, i),

(1)

where Uj  are the unitary matrices which are defined in eq. (6.24) and by is
the finite part of By defined in eq. (2.31). The first two terms of the above ex-

pression are proportional to M]((O) and 6MJ([O)

, respectively, meaning they cannot
introduce non-Hermitian entries in the mass matrix. Therefore, only the third
term remains as a potential source of non-Hermitian contributions, which we

(1)

now analyze. Also, the parameter m f2 In the third term is real, which results

(1)

from the fact that the mass matrix M ;s of Hermitian type.

In the up-quark and charged lepton sectors, the matrices Mfl?e)and 6M,S?2
are all real, which implies UL(’llg is also real. This ensures that ML(,Z) does not
contribute to O at the two-loop level. This result is expected, as an accidental
CP symmetry exists in the up sector at leading order, as discussed in Subsection
6.2.1. Moreover, the gauge interactions of the X boson with up quarks do not

violate this symmetry, further preventing any contributions to 0 at this order.

In the down-quark sector, although the third term, proportional to (Uﬁ) )ia X

1)\« . o .
(UéR))jz, appears to introduce complex entries in the mass matrix, it can be
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(1)

. . . . . 1
shown that these entries remain Hermitian. The unitary matrices U,

and
Ua(,}{) diagonalise M;I)Mlgl)Jr and Ma(ll)*M(gl), respectively. Due to the Hermitian
nature of M(gl), the corresponding elements of M(gl)Mlgl)Jr and M;l)‘LMlgl) share

the same phase.

The above argument can be understood as follows: defining 0; as the phase
of yl’.i, then from eq. (6.14) phases of yy; and y;; are 0; and -0;, respectively,
with 65 = 0. Consequently, the elements (M(gl)M{Sll)Jr)” and (Mtgl)Jergl))” can

] ]
be expressed as:

1 1 lmailluajl ;o ,
(Mc(l oy H).J. = 2 =% Z|I‘dk|2 (14 Cqiqr) (1+ Cajax),
1 F k
m{Pty D Wailltas! o, 2(1+Cqiqe) (14 Cqiqr) , (6.28
a Ma) ¢ paxl” (1+ Caiqe) (1 + Cqjqx) , (6.28)
F k
with qp; = qg; = q; and
0, =0;-0;. (6.29)

The constant factor C in equations is defined in eq. (6.22). From eq. (6.28),
it is evident that both (M‘gl)M(gl)Jr)” and (Mél)JrM(gl))” share the same phase,
and their elements are related by tZ}]1e interchange |,u,-|l<—> |ui|. Since these two
matrices have identical phases, the elements (Uéi) )ik and (UE{) )ik also share
the same phases (see Appendix B.2 for details), and the phase factor can be

written as:

( Uﬁ?R)ik ~ ik, (6.30)

As a result, the product (Utgi)) (UEQ)) in eq. (6.27) carries a phase factor
i2

j
(0)

¢'%i. Furthermore, the phase factors of (Méo))ij and (6M; " );; are also ¢'%i since
both are proportional to pg;p) j Consequently, from eq. (6.27), the phase factor

2\ . e . D\ . i g s

of (M](c ))” is ¢'%i, while for (M](c ))“, it is e7*%i. This ensures that the Hermitian
ij i

nature of the mass matrix is preserved and its determinant remains real, similar

to eq. (B.3). Therefore,

= Argdet(M\”) = 0. (6.31)
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6.3 Qualitative analysis

The absence of gauge-induced corrections to 6 at both the one-loop and two-
loop levels can be understood from the fact that the gauge interactions of the X
boson do not violate parity symmetry. This becomes particularly evident in the

flavour basis. For instance,

_Egauge = %Xy (qLi J_[LiyﬂfLi + qri 7Ri7”fRi) , (6-32)

with qp; = qr; = g;. It is straightforward to verify that the interaction given
in eq. (6.32) remains invariant under the parity transformations defined in eq.

(6.1).

In the mass basis of the fermions, when all the masses are induced pertur-

batively, the eq. (6.32) can be expressed as:
2) \ T 2 :
—Lgauge = %XXM((Q} )L)ij friy'frj + (Qj(c )R)i]' fRiV”ij)) (6.33)

with f] r; as the physical states obtained at 2-loop when masses of all the masses
are induced, and

2)f

Q/(rz)L,R =Up ' 1 U}z) (6.34)

LR’

Here U}Z)L’R are the unitary matrices that diagonalise the 2-loop corrected ef-
fective mass matrix given in eq. (6.27). In the up-quark sector, these matrices
are orthogonal and real, thus ng) L,r does not introduce complex parameters
into the Lagrangian. For the down-quark sector: following the argument given
in the last paragraph of section 6.2.3 and appendix B.2, it can be shown that

(2) (2)
(Ud L)ikand(Ud R

(6.33) can be rewritten for the down-quark sector as:

) also share a common phase factor of e'%k . With this, eq.
ik

2 0. = 2 9. =
—Loauge = gTXX,l(KQ,(i )L)ijlelglj dpiytdy; + |(Q((1 )R)ijlelgl] dRiV”de)- (6.35)

It shows that the couplings of X in the left-handed sector and the right-handed

sector have the same phase. As the mass terms require the mixing of both the

(2)

chiralities and using the fact that the mass insertion mg is real, the product is
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de

Figure 6.1: Gauge boson induced next order correction at 3-loop.

always hermitian type. For example, consider a general three-loop diagram as

shown in Fig. 6.1, the complex part of the diagram corresponds to:

QP )i (@ )k (Q 1) im(Q R (QP R)up (QL 1),

oc Constant x e'?ik g%kt ¢iOm piOmn o1Onp pi0p;

= Constant x ¢'%i (6.36)

The last equality is obtained by using eq. (6.29). It can be seen that the phase

factor of the ij/" element of the loop corrected mass matrix will be proportional

(2)
1]
rected mass matrix is of hermitian type, and the determinant is real, as shown

to ¢'% as M.’ of eq. (6.27). Thus, up to an arbitrary order of loops, the cor-
in eq. (B.3). Therefore, we conclude that the gauge corrections of the X boson

at any order of perturbation theory do not introduce the strong CP phase.

The above argument can also be understood by comparing the structure of

this model with that of [33]. Expressing the Lagrangian in the form

LD ‘CYukawa + KX + ﬁscalar) (637)

it is evident that the combined terms Ly xawa + £x respect parity symmetry and
effectively play the same role as Lyyyawa in the universal seesaw mechanism of
[33]. As a result, the corrections introduced by Lx do not contribute to 0 at any

order in perturbation theory.

Since parity symmetry is softly broken in the scalar sector, radiative effects
from scalar interactions can introduce a small but nonzero strong CP phase.

Following [33], the leading scalar-induced two-loop contribution to 6 can be
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approximated as

9‘~( ! )2(2)24;2. (6.38)

1672/ \vg
Here, the phase ¢ originates from the mixing of various y and y’ parameters,
while the factor vy /vy arises due to the mixing between Hy; and Hg;. The phase
¢ can be chosen ~ O(1) for the most general case. vy at the electroweak scale,
and vy corresponding to the U(1)f breaking scale. The U(1)f breaking scale
is basically determined from the mass scale of gauge boson X, which is mainly

constrained from flavour violations, as we have seen in previous chapters.

The flavour-violating interactions of the X boson naturally induce meson-
antimeson oscillations at tree level. In the lepton sector, its exchange leads
to flavour-violating processes such as y — e conversion in nuclei and trilep-
ton decays I; — 3I; at leading order, while processes like /; — [; emerge at
the one-loop level. A detailed phenomenological analysis of these effects was
previously carried out in chapter 3, indicating a new physics scale of approxi-
mately My ~ 108 GeV, which remains consistent with all flavour constraints. A
similar bound can also be found in chapter 4 for the case of € =1 in the model
discussed there. Now for vg ~ My ~ 108 GeV, and ¢, v as their specified order,
eq. (6.38) reads

6~10""

This result is three orders of magnitude below the current experimental limit
[19], demonstrating that the model provides a viable solution to the strong CP
problem. Also, it can be tested in future ultracold neutron experiments, which

will have the sensitivity of ~ 107! for the strong CP phase [135].

6.4 Summary

In this chapter, we demonstrate that the radiative mass generation mechanism,
when implemented in a parity-invariant L-R symmetric framework, offers a
potential solution to the strong CP problem. This mechanism is realized by

extending the gauge sector with a flavour-dependent Abelian gauge symmetry,
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Gr.

In this framework, the third-generation SM fermions acquire tree-level see-
saw masses through the introduction of an additional generation of vector-like
fermions. Meanwhile, the masses of the first two generations are generated
at the one- and two-loop levels via gauge corrections, as discussed in Chapter
4. The required flavour non-universal symmetry, Gg, corresponds to U(1),_3,
which can be thought of as an all-fermion version of the L, — L, symmetry.
Additionally, the mechanism exploits the progressive increase in the rank of
the mass matrices at different loop levels and shows that the strong CP phase

becomes physical at the 2-loop level when all the quark masses are generated.

A key result is that gauge corrections induced by Lx alone do not break
parity symmetry, ensuring that the induced strong CP phase remains zero at
all orders of perturbation theory. However, scalar-induced corrections lead to a
nonzero contribution to 0, estimated to be around 1074 at the two-loop level.
A precise measurement of 0 in the future could potentially test and falsify the

model, depending on the observed value.

The minimal version of this model suggests that the flavour symmetry-breaking
scale and the SU(2)y (parity) breaking scale are of similar magnitude. Given
that the flavour symmetry-breaking scale is constrained to be around 10° TeV,

any detectable parity-breaking signatures are expected to be negligible.






Summary and Outlook

This thesis studies the application of the radiative mass generation mechanism
to explain the hierarchical structure of fermion masses observed in the SM. In
this mechanism, the tree-level masses are allowed only for the third-generation
charged SM fermions, and the masses for the first and second-generation charged
fermions are induced through the quantum corrections. Since the latter can be
fully or partially expressed in terms of quantities that can be measured inde-
pendently in experiments, at least in principle, the loop-induced masses be-
come calculable. This is what distinguishes the framework of radiative fermion

masses from other models addressing the flavour hierarchies.

However, the SM alone cannot accommodate the radiative mass mechanism
as for only massive third-generation cases, the Yukawa sector at the tree level
exhibits a global U(2)> symmetry. Since the full action remains invariant under
this symmetry, it results in massless first- and second-generation fermions for
all orders of perturbation theory. Thus, the successful implementation of such

a mechanism requires an extension of the SM gauge symmetry.

We systematically analyze the mechanism in various gauged extensions of

the SM, involving both Abelian and non-Abelian flavour symmetries. The ex-
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tended gauge symmetry can also be utilised to prevent tree-level mass terms for
all the SM fermions, and the third-generation fermions can acquire masses with
the help of an additional vector-like family through the seesaw-like mechanism.
Subsequently, the radiative corrections induced by the spontaneous breaking of
extended gauge symmetry can give rise to masses for the remaining fermions,

explaining their hierarchical spectrum.

The successful realisation of a radiative mass generation mechanism in an
Abelian extension necessitates non-universal charges for the SM fermions un-
der the associated symmetry. At the 1-loop level, the first-generation fermion
remains massless. The simplest way to induce the lightest generation fermion
masses is to consider two abelian symmetries, i.e., U(1); x U(1),. The break-
ing of U(1); induces radiative masses for the second generation, while U(1),
breaking contributes to the first generation. The mass hierarchy between the
two generations is naturally linked to the mild hierarchy of these symmetry-

breaking scales.

In chapter 3, we constructed a model based ona U(1),_3x U(1);_, symme-
try, which is the all-fermion generalisation of the well-known leptonic L, — L,
and L, — L, symmetries. The renormalisable framework contains 25 real pa-
rameters that appear in the expressions of loop-induced masses. The viability
of the model is checked by obtaining three representative numerical solutions
that successfully reproduce the observed charged fermion masses and quark
mixing parameters while satisfying experimental constraints from flavour vio-
lations, direct searches, and electroweak precision observables. The most strin-
gent constraints arise from meson-antimeson oscillations, mainly when the first
two generation fermions are involved, requiring the new physics scale to be at
least 10° TeV. This high scale poses a challenge for experimental verification as
well as being unpleasant from a naturalness point of view. To have a further
lower new physics scale, a refined model is needed, where specific couplings
responsible for these oscillations are naturally suppressed. The lowering can’t
be arbitrarily made small as such couplings also take part in generating masses

for first-generation fermions.
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The correlation between the flavour violation in the 1-2 sector and the loop-
induced masses for first-generation fermion masses is studied in chapter 4. We
identify a set of optimal charges for a single Abelian U (1), which leads to the
induction of first-generation fermion masses at the 2-loop level. This setup im-
proves upon the previous two-U (1) model by providing a more direct explana-
tion of the inter-generational mass hierarchy. Also, it naturally introduces op-
timal flavour-changing couplings in 1-2 sector, allowing the new physics scale
to be reduced to 103 TeV, nearly two orders of magnitude lower than in the

previous model.

While this single-U (1) model significantly improves the phenomenology, it
still involves a large number of Yukawa couplings as the two-U (1) case of chap-
ter 3. A promising direction is to unify all three fermion generations under a
single representation of non-Abelian flavour symmetry, thereby reducing the
number of free parameters. This motivates the introduction of a gauged hori-
zontal SU(3)r symmetry under which three generations of fermions transform
as the fundamental representation. This flavour symmetry can be utilised to
ensure that only the third-generation fermions acquire mass at tree level, while
the first two generations obtain their masses through radiative corrections. In
this setup, both first- and second-generation fermions typically receive masses
at the one-loop level, making it necessary to introduce an additional mecha-
nism to explain their mass hierarchy. This is achieved by breaking SU(3)f in
two steps, first to an intermediate SU(2) symmetry and then to nothing. This
sequential breaking introduces a mild hierarchy among the new gauge bosons,

which is transferred to the fermion masses through loop corrections.

The breaking scale of SU(3) is primarily constrained by flavour violation,
as the new gauge bosons mediate significant FCNCs. The resulting constraints
require the symmetry-breaking scale to be at least 10° TeV, comparable to the
bounds derived in the previous Abelian extension in chapter 3. However, this
framework introduces two key improvements over the latter: first, the hierar-
chy among new gauge boson masses arises naturally from sequential symme-

try breaking rather than being imposed arbitrarily; second, the use of a single
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non-Abelian flavour group reduces the number of independent Yukawa cou-
plings from 20 to 12, making the model more predictive. This leads to correla-
tions among quark and lepton masses, with the model, for instance, preferring
a strange quark mass somewhat lower than the current experimental central

value.

Beyond explaining the fermion mass hierarchy, the radiative mass genera-
tion mechanism, when implemented in an L-R symmetric framework, can also
address the strong CP problem. This is achieved by extending the gauge sec-
tor of the L-R framework with an additional flavour-dependent Abelian gauge
symmetry, Gp. Likewise, in the SM extension case, in this setup also, third-
generation fermions acquire seesaw masses at tree level through an additional
generation of vector-like fermions, while first- and second-generation masses
arise via one- and two-loop gauge corrections. The required flavour symmetry,
U(1);-3, is an all-fermion version of the well-known L, — L, symmetry. Addi-
tionally, the flavour symmetry-breaking scale and the SU(2)y (parity) breaking
scale are found to be comparable. Given that the former is constrained to be
around 10® GeV, any observable parity-breaking signatures are expected to be

negligible.

A key result is that gauge boson-induced corrections alone do not break par-
ity symmetry, ensuring that the strong CP phase remains zero at all orders of
perturbation theory. However, scalar-induced corrections can lead to a nonzero
0, estimated to be of order 107!4 at the two-loop level. A precise future mea-
surement of 0 could potentially falsify this model if the observed value is sig-

nificantly larger.

Overall, this study presents a systematic exploration of the radiative mass
generation mechanism in different gauge extensions of the SM, demonstrating
its potential to explain fermion mass hierarchies while addressing key flavour
and CP violation challenges. The findings highlight the trade-offs between
complexity, predictiveness, and experimental testability, suggesting that a non-
Abelian extension provides the most promising framework for a predictive the-

ory of flavour. However, there are areas where the radiative mass framework
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requires further improvement. For example,

* The SU(3)f framework, which accounts for the minimal number of Yuakawa
couplings and a more predictive setup, does not account for the salient
features of the optimal flavour violating gauge sector presented by U (1)
of chapter 4. One possible way to incorporate the optimal flavour viola-
tion in SU(3)r framework is by suitably breaking the symmetry which
lead to U(1)f as an intermediate symmetry. However, in such cases, ob-
taining the hierarchy between first- and second-generation fermions will

require special treatment, and this has yet to be checked.

* The number of Yukawa couplings for the U(1)F case can also be reduced
to some extent by implementing this scheme in models that provide quark-

lepton unification [136-138] at high energies.

* Although the framework accounts for the hierarchical nature of charged
fermion masses, it does not explain the smallness of mixing in the quark
sector. This is because the underlying symmetries and the field content
of the model allow different and arbitrary tree-level Yukawa couplings for
the up-type and down-type quarks. Frameworks with an improved degree

of calculability can address this issue.

¢ The lowest scale of new physics remains at 10 TeV. While this scale, or
even a larger one, does not hinder the core mechanism discussed here, the
significant separation between it and the electroweak scale poses a chal-
lenge. This separation can be managed at the expense of fine-tuning in
the generic case. However, in more ambitious theories where the param-
eters of the scalar potential are also calculable, this becomes a concrete

problem.

e In all discussed Abelian or non-Abelian extension scenarios, we have ne-
glected the scalar-induced corrections to the mass matrix induced by con-
sidering small mixing and/ or heavy scalars. However, it is interesting to
check whether such corrections can lead to viable first-generation fermion

masses. Then, optimal U(1)r with € = 0 case would lead to a new physics
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scale much lower than 103 TeV. This is because non-universal charges
{1,1,-2} would lead to a U (1), x UA)(1)g invariant Lagrangian up
to 1-loop for gauge boson induced corrections. When scalar corrections
are included, the comparatively small FV couplings for stringent K° ~KO
oscillation process can be induced, and thereby, a relatively lower new

physics scale can be phenomenologically allowed.

* The feasibility of these frameworks is indirectly inferred by analysing the
various flavour-violating processes. However, the precision measurements
of light quark masses can potentially give direct verification. Also, the
computation of Higgs couplings to the fermions in these theories and com-
paring them with their respective experimentally obtained values can give

another potential area to test these specific models.

We believe that the above issues require a set of systematic investigations to
establish further the validity and robustness of the radiative mass generation

scheme.



SU(3)p: The generators

In this study, we utilize a specific representation for the SU(3)r generators A%,

with a =1,2,...,8, which is explicitly given as follows:

000 00 0 00 0

Al =1oo01]|, ¥*=|oo0o -i|,X =01 0 [
010 0i 0 00 -1
010 0 i 0 001

M =1100|, ¥P’=l=o00],A=]00 0]
000 0 00 1 00
0 0 i 2.0 0

A= ooo,)\gz% 010/ (A.1)
—i 0 0 0 01

These are expressed in a basis where the first three generators correspond to
gauge bosons that do not couple to the first generation in the canonical basis.
An SU(2) subgroup, associated with these three generators of the full flavour
symmetry group, remains unbroken by the vacuum expectation value of #; in

eq. (5.25).
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The matrix representation of SU(3)r generators in eq. (A.1) can be derived

from the conventional Gell-Mann matrices A{, using the following transforma-

tions:
A=p. AL P! (A.2)
WhereP:P23-P13 Wlth
1 00 0 01
Py3=[00 1] P3=[01 0] (A.3)
010 1 0 0

The explicit form of A7, matrices is written below.

01 0 0 —i 0 1 0 0
Ab=l1 00 Az=|i 0o 0o Az=|0 -1 0|
000 0 0 0 0 0 0
00 1 00 —i 000

4 5 6 __
100 i 0 0 010
00 0 10 0

1

Al=loo0 -i| AM=—|01 o0
V3

0i O 00 -2



Notes on Hermitian Type matrices

B.1 The real determinant

The simplest form of hermitian type matrix X can be formed if the elements
X;;j has the phase factor ¢'%i with 0;; = 0, —0;. Let us define a hermitian-type
matrix

Mij = T'i]' €i6ij (Bl)

with all rij real. Considering as 3 x 3 matrix, the determinant of M can be

written as

detM = eijleiMZj M3k

— €ijk i 7’2]' T3k ei(91+92+93) e—i(6i+6]»+6k) (BZ)
Here we have used the fact 6;; = 6; — 0;. It can be seen that the factor (6; +
0, + 0y) is always (0; + 0, + 03) for i # j # k. This implies the determinant is
always real, and

detM = €11 12j 13k (B.3)

It is also straightforward to see that any n x n hermitian type matrices has real

determinant.
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Note:

* The sum of two hermitian type matrices X and Y is also a hermitian type

matrix only when the phase factor of the elements X;; and Y;; are the same.

B.2 Phase of the elements of U|

Using eq. (B.1) we can write:

(MM+)_, = Cijeigij,
1]

(M*Mm)

0,
i dl] e'vii , (B4)

where ¢;; and d;; are the real constants, and 0;; is defined in eq. (6.29). It can
be seen that ¢;; and d;; are the elements of real symmetric matrices. A similar
form can be obtained for MOV MOt and pM(ODTAL(01) Now, inverting the

bi-unitary diagonalization equations, we get

ij
(M*M) = (UrD?UJ) ., (B.5)

ij ij

(MM*Y) - = (U, D>Uf)

P
1

with D = Diag.(m;). Now, putting eq. (B.4) in eq. (B.5) and using the the fact

0;; = 6; - 0;, we can write

Cij = (e_ieik (UL)ik) ml% (eiejk (UL);k) ’
dip = (e (Un)ie) mi (¢ (Un)ji), (B.6)

Defining:
(Ser)ix = €% (ULR)ji (B.7)
the above eq. (B.6) can be rewritten as:

cij = (Su)imi (S »

dij = (SR)ym; (S)jk - (B.8)
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Since m,z is real and ¢;; and d;; are elements of a real symmetric matrix, already
mentioned after eq. (B.4), the diagonalising matrix Sy  has to be real orthogo-

nal matrix. Therefore,

(UL)ik = aiLk e i ,

(Ur)ik = ale e i (B.9)

with aiL];R as any real constants. Hence it is shown that the phase of (Uy);x and

(UR)ik is equal.






References

S. L. Glashow. “Partial Symmetries of Weak Interactions”. In: Nucl. Phys. 22
(1961), pp. 579-588. por: 10.1016/0029-5582(61)90469-2.

Abdus Salam and John Clive Ward. “Electromagnetic and weak interactions”.
In: Phys. Lett. 13 (1964), pp. 168-171. por: 10.1016/0031-9163(64)90711-5.

Steven Weinberg. “A Model of Leptons”. In: Phys. Rev. Lett. 19 (1967), pp. 1264—
1266. por: 10.1103/PhysRevlett.19.1264.

Peter W. Higgs. “Broken Symmetries and the Masses of Gauge Bosons”. In:
Phys. Rev. Lett. 13 (1964). Ed. by J. C. Taylor, pp. 508-509. por: 10 . 1103/
PhysRevlLett.13.508.

Peter W. Higgs. “Broken symmetries, massless particles and gauge fields”. In:
Phys. Lett. 12 (1964), pp. 132-133. por: 10.1016/0031-9163(64)91136-9.

Peter W. Higgs. “Spontaneous Symmetry Breakdown without Massless Bosons”.
In: Phys. Rev. 145 (1966), pp. 1156-1163. por: 10.1103/PhysRev. 145.1156.

Makoto Kobayashi and Toshihide Maskawa. “CP Violation in the Renormaliz-
able Theory of Weak Interaction”. In: Prog. Theor. Phys. 49 (1973), pp. 652-657.
por: 10.1143/PTP.49.652.

Yuval Grossman and Yossi Nir. The Standard Model: From Fundamental Symme-
tries to Experimental Tests. Princeton University Press, Oct. 2023. 1sBN: 978-0-
691-23910-1.

Georges Aad et al. “Combined Measurement of the Higgs Boson Mass in pp
Collisions at v/s = 7 and 8 TeV with the ATLAS and CMS Experiments”. In:
Phys. Rev. Lett. 114 (2015), p. 191803. por: 10. 1103/PhysRevLett.114.191803.
arXiv: 1503.07589 [hep-ex].

J. H. Christenson et al. “Evidence for the 27t Decay of the K Meson”. In: Phys.
Rev. Lett. 13 (1964), pp. 138-140. por: 10.1103/PhysRevLett.13.138.

Y. Fukuda et al. “Evidence for oscillation of atmospheric neutrinos”. In: Phys.
Rev. Lett. 81 (1998), pp. 1562-1567. por: 10 . 1103 / PhysRevLett . 81 . 1562.
arXiv: hep-ex/9807003.

Steven Weinberg. “Baryon and Lepton Nonconserving Processes”. In: Phys. Rev.
Lett. 43 (1979), pp. 1566-1570. por: 10.1103/PhysRevLett.43.1566.

R. L. Workman et al. “Review of Particle Physics”. In: PTEP 2022 (2022), p. 083C01.

por: 10.1093/ptep/ptac097.

Ferruccio Feruglio. “Pieces of the Flavour Puzzle”. In: Eur. Phys. . C75.8 (2015),
p- 373. por: 10.1140/epjc/s10052-015-3576-5. arXiv: 1503.04071 [hep-ph].

Ivan Esteban et al. “NuFit-6.0: updated global analysis of three-flavor neutrino
oscillations”. In: JHEP 12 (2024), p. 216. por: 10 . 1007 / JHEP12(2024 ) 216.
arXiv: 2410.05380 [hep-ph].

Lawrence J. Hall, Hitoshi Murayama, and Neal Weiner. “Neutrino mass anar-
chy”. In: Phys. Rev. Lett. 84 (2000), pp. 2572-2575. por: 10. 1103 /PhysRevlLett.
84.2572. arXiv: hep-ph/9911341.

147


https://doi.org/10.1016/0029-5582(61)90469-2
https://doi.org/10.1016/0031-9163(64)90711-5
https://doi.org/10.1103/PhysRevLett.19.1264
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1103/PhysRevLett.114.191803
https://arxiv.org/abs/1503.07589
https://doi.org/10.1103/PhysRevLett.13.138
https://doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/hep-ex/9807003
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1140/epjc/s10052-015-3576-5
https://arxiv.org/abs/1503.04071
https://doi.org/10.1007/JHEP12(2024)216
https://arxiv.org/abs/2410.05380
https://doi.org/10.1103/PhysRevLett.84.2572
https://doi.org/10.1103/PhysRevLett.84.2572
https://arxiv.org/abs/hep-ph/9911341

148

REFERENCES

[17]

[19]

[20]

[21]

Andre de Gouvea and Hitoshi Murayama. “Neutrino Mixing Anarchy: Alive
and Kicking”. In: Phys. Lett. B 747 (2015), pp. 479-483. por: 10 . 1016/ j .
physletb.2015.06.028. arXiv: 1204.1249 [hep-ph].

N. Aghanim et al. “Planck 2018 results. VI. Cosmological parameters”. In: As-
tron. Astrophys. 641 (2020). [Erratum: Astron.Astrophys. 652, C4 (2021)], Aé.
por: 10.1051/0004-6361/201833910. arXiv: 1807.06209 [astro-ph.CO].

C. Abel et al. “Measurement of the Permanent Electric Dipole Moment of the
Neutron”. In: Phys. Rev. Lett. 124.8 (2020), p. 081803. por: 10. 1103 /PhysRevlLett.
124.081803. arXiv: 2001.11966 [hep-ex].

Howard Georgi and Ian N. McArthur. “INSTANTONS AND THE mu QUARK
MASS”. In: (Mar. 1981).

Kiwoon Choi, C. W. Kim, and W. K. Sze. “Mass Renormalization by Instantons
and the Strong CP Problem”. In: Phys. Rev. Lett. 61 (1988), p. 794. por: 10. 1103/
PhysRevlLett.61.794.

R. D. Peccei and Helen R. Quinn. “CP Conservation in the Presence of Instan-
tons”. In: Phys. Rev. Lett. 38 (1977), pp. 1440-1443. por: 10. 1103/PhysRevlLett.
38.1440.

R. D. Peccei and Helen R. Quinn. “Constraints Imposed by CP Conservation
in the Presence of Instantons”. In: Phys. Rev. D 16 (1977), pp. 1791-1797. por:
10.1103/PhysRevD. 16.1791.

Frank Wilczek. “Problem of Strong P and T Invariance in the Presence of In-
stantons”. In: Phys. Rev. Lett. 40 (1978), pp. 279-282.por: 10. 1103/PhysRevlLett.
40.279.

Steven Weinberg. “A New Light Boson?” In: Phys. Rev. Lett. 40 (1978), pp. 223-
226.por: 10.1103/PhysRevLett.40.223.

Jihn E. Kim. “Weak Interaction Singlet and Strong CP Invariance”. In: Phys. Rev.
Lett. 43 (1979), p. 103. por: 10.1103/PhysRevLett.43.103.

Mikhail A. Shifman, A. I. Vainshtein, and Valentin I. Zakharov. “Can Confine-
ment Ensure Natural CP Invariance of Strong Interactions?” In: Nucl. Phys. B
166 (1980), pp. 493-506. por: 10.1016/0550-3213(80)90209-6.

Michael Dine, Willy Fischler, and Mark Srednicki. “A Simple Solution to the
Strong CP Problem with a Harmless Axion”. In: Phys. Lett. B 104 (1981), pp. 199-
202. por: 10.1016/0370-2693(81)90590-6.

Ann E. Nelson. “Naturally Weak CP Violation”. In: Phys. Lett. B 136 (1984),
pp- 387-391. por: 10.1016/0370-2693(84)92025-2.

Stephen M. Barr. “Solving the Strong CP Problem Without the Peccei-Quinn
Symmetry”. In: Phys. Rev. Lett. 53 (1984), p. 329. por: 10. 1103/PhysRevlLett.
53.329.

Rabindra N. Mohapatra and G. Senjanovic. “Natural Suppression of Strong p
and t Noninvariance”. In: Phys. Lett. B 79 (1978), pp. 283-286. por: 10. 1016/
0370-2693(78)90243-5.

K. S. Babu and Rabindra N. Mohapatra. “CP Violation in Seesaw Models of
Quark Masses”. In: Phys. Rev. Lett. 62 (1989), p. 1079. por: 10. 1103 /PhysRevlLett.
62.1079.


https://doi.org/10.1016/j.physletb.2015.06.028
https://doi.org/10.1016/j.physletb.2015.06.028
https://arxiv.org/abs/1204.1249
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1103/PhysRevLett.124.081803
https://doi.org/10.1103/PhysRevLett.124.081803
https://arxiv.org/abs/2001.11966
https://doi.org/10.1103/PhysRevLett.61.794
https://doi.org/10.1103/PhysRevLett.61.794
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(84)92025-2
https://doi.org/10.1103/PhysRevLett.53.329
https://doi.org/10.1103/PhysRevLett.53.329
https://doi.org/10.1016/0370-2693(78)90243-5
https://doi.org/10.1016/0370-2693(78)90243-5
https://doi.org/10.1103/PhysRevLett.62.1079
https://doi.org/10.1103/PhysRevLett.62.1079

REFERENCES 149

[33]

[36]

[37]

[38]

K. S. Babu and Rabindra N. Mohapatra. “A Solution to the Strong CP Problem
Without an Axion”. In: Phys. Rev. D 41 (1990), p. 1286. por: 10. 1103/PhysRevD.
41.1286.

C. D. Froggatt and Holger Bech Nielsen. “Hierarchy of Quark Masses, Cabibbo
Angles and CP Violation”. In: Nucl. Phys. B 147 (1979), pp. 277-298. por: 10.
1016/0550-3213(79)90316-X.

Abdul Rahaman Shaikh and Rathin Adhikari. “Explaining fermions mass and
mixing hierarchies through U(1)x and Z, symmetries”. In: Commun. Theor.
Phys. 77.5 (2025), p. 055202. por: 10. 1088/ 1572-9494 [ ad9c45. arXiv: 2404 .
11570 [hep-ph].

Gian F. Giudice and Matthew McCullough. “Comment on ”"Disassembling the
Clockwork Mechanism””. In: (May 2017). arXiv: 1705.10162 [hep-ph].

Lisa Randall and Raman Sundrum. “A Large mass hierarchy from a small ex-
tra dimension”. In: Phys. Rev. Lett. 83 (1999), pp. 3370-3373. por: 10. 1103/
PhysRevlLett.83.3370. arXiv: hep-ph/9905221.

Gerard 't Hooft. “Renormalizable Lagrangians for Massive Yang-Mills Fields”.
In: Nucl. Phys. B 35 (1971). Ed. by J. C. Taylor, pp. 167-188. por: 10.1016/0550-
3213(71)90139-8.

Steven Weinberg. “Electromagnetic and weak masses”. In: Phys. Rev. Lett. 29
(1972), pp. 388-392. por: 10.1103/PhysRevLett.29.388.

Howard Georgi and Sheldon L. Glashow. “Attempts to calculate the electron
mass”. In: Phys. Rev. D 7 (1973), pp. 2457-2463. por: 10. 1103 /PhysRevD . 7.
2457.

Howard Georgi and Sheldon L. Glashow. “Spontaneously broken gauge sym-
metry and elementary particle masses”. In: Phys. Rev. D 6 (1972), pp. 2977-
2982. por: 10.1103/PhysRevD.6.2977.

Rabindra N. Mohapatra. “Gauge Model for Chiral Symmetry Breaking and Muon
electron Mass Ratio”. In: Phys. Rev. D 9 (1974), p. 3461. por: 10. 1103/PhysRevD.
9.3461.

Stephen M. Barr and A. Zee. “A New Approach to the electron-Muon Mass
Ratio”. In: Phys. Rev. D 15 (1977), p. 2652. por: 10. 1103/PhysRevD. 15.2652.

Stephen M. Barr and A. Zee. “Calculating the Electron Mass in Terms of Mea-
sured Quantities”. In: Phys. Rev. D 17 (1978), p. 1854. por: 10. 1103/PhysRevD.
17.1854.

Gerard 't Hooft. “Naturalness, chiral symmetry, and spontaneous chiral sym-
metry breaking”. In: NATO Sci. Ser. B 59 (1980). Ed. by Gerard 't Hooft et al.,
pp- 135-157. por: 10.1007/978-1-4684-7571-5_9.

B. S. Balakrishna. “Fermion Mass Hierarchy From Radiative Corrections”. In:
Phys. Rev. Lett. 60 (1988), p. 1602. por: 10.1103/PhysRevLett.60.1602.

B. S. Balakrishna, A. L. Kagan, and R. N. Mohapatra. “Quark Mixings and Mass
Hierarchy From Radiative Corrections”. In: Phys. Lett. B 205 (1988), pp. 345-
352. por: 10.1016/0370-2693(88)91676-0.

B. S. Balakrishna. “RADIATIVELY INDUCED LEPTON MASSES”. In: Phys. Lett.
B 214 (1988), pp. 267-272. por: 10.1016/0370-2693(88)91480-3.


https://doi.org/10.1103/PhysRevD.41.1286
https://doi.org/10.1103/PhysRevD.41.1286
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1088/1572-9494/ad9c45
https://arxiv.org/abs/2404.11570
https://arxiv.org/abs/2404.11570
https://arxiv.org/abs/1705.10162
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.3370
https://arxiv.org/abs/hep-ph/9905221
https://doi.org/10.1016/0550-3213(71)90139-8
https://doi.org/10.1016/0550-3213(71)90139-8
https://doi.org/10.1103/PhysRevLett.29.388
https://doi.org/10.1103/PhysRevD.7.2457
https://doi.org/10.1103/PhysRevD.7.2457
https://doi.org/10.1103/PhysRevD.6.2977
https://doi.org/10.1103/PhysRevD.9.3461
https://doi.org/10.1103/PhysRevD.9.3461
https://doi.org/10.1103/PhysRevD.15.2652
https://doi.org/10.1103/PhysRevD.17.1854
https://doi.org/10.1103/PhysRevD.17.1854
https://doi.org/10.1007/978-1-4684-7571-5_9
https://doi.org/10.1103/PhysRevLett.60.1602
https://doi.org/10.1016/0370-2693(88)91676-0
https://doi.org/10.1016/0370-2693(88)91480-3

150

REFERENCES

[49]

[51]

[52]

53]

[56]

[57]

[61]

[62]

[63]

B. S. Balakrishna and R. N. Mohapatra. “Radiative Fermion Masses From New
Physics at Tev Scale”. In: Phys. Lett. B 216 (1989), pp. 349-352. por: 10. 1016/
0370-2693(89)91129-5.

K. S. Babu and Xiao-Gang He. “Fermion mass hierarchy and the strong CP prob-
lem”. In: Phys. Lett. B 219 (1989), pp. 342-346. por: 10.1016/0370-2693(89)
90401-2.

K. S. Babu, B. S. Balakrishna, and R. N. Mohapatra. “Supersymmetric Model
for Fermion Mass Hierarchy”. In: Phys. Lett. B 237 (1990), pp. 221-228. por:
10.1016/0370-2693(90)91433-C.

Ernest Ma. “Radiative Quark and Lepton Masses in a Left-right Gauge Model”.
In: Phys. Rev. Lett. 63 (1989), p. 1042. por: 10. 1103/PhysRevlLett.63.1042.

K. S. Babu and R. N. Mohapatra. “Permutation Symmetry and the Origin of
Fermion Mass Hierarchy”. In: Phys. Rev. Lett. 64 (1990), p. 2747. por: 10. 1103/
PhysRevlLett.64.2747.

Nima Arkani-Hamed, Hsin-Chia Cheng, and L. J. Hall. “A Supersymmetric
theory of flavor with radiative fermion masses”. In: Phys. Rev. D 54 (1996),
pp- 2242-2260. por: 10.1103/PhysRevD.54.2242. arXiv: hep-ph/9601262.

Ernest Ma. “Radiative Quark and Lepton Masses Induced by a Fourth Genera-
tion”. In: Phys. Rev. Lett. 62 (1989), p. 1228. por: 10. 1103 /PhysRevlLett.62.
1228.

Albino Hernandez Galeana and J. Halim Montes de Oca Yemha. “Radiative gen-
eration of light fermion masses in a SU(3)(H) horizontal symmetry model”. In:
Rev. Mex. Fis. 50 (2004), pp. 522-526. arXiv: hep-ph/0406315.

Thomas Appelquist, Yang Bai, and Maurizio Piai. “Quark mass ratios and mix-
ing angles from SU(3) family gauge symmetry”. In: Phys. Lett. B 637 (2006),
pp- 245-250. por: 10. 1016/ j.physletb.2006.04.043. arXiv: hep-ph/0603104.

S. M. Barr. “Radiative fermion mass hierarchy in a non-supersymmetric unified
theory”. In: Phys. Rev. D 76 (2007), p. 105024. por: 10. 1103 /PhysRevD . 76 .
105024. arXiv: 0706. 1490 [hep-ph].

Bogdan A. Dobrescu and Patrick J. Fox. “Quark and lepton masses from top
loops”. In: JHEP 08 (2008), p. 100. por: 10. 1088/ 1126-6708 /2008 /08 / 100.
arXiv: 0805.0822 [hep-ph].

Peter W. Graham and Surjeet Rajendran. “A Domino Theory of Flavor”. In:
Phys. Rev. D 81 (2010), p. 033002. por: 10. 1103/PhysRevD.81.033002. arXiv:
0906.4657 [hep-ph].

Steven Weinberg. “Models of Lepton and Quark Masses”. In: Phys. Rev. D 101.3
(2020), p. 035020. por: 10. 1103 /PhysRevD . 101.035020. arXiv: 2001 . 06582
[hep-th].

Sudip Jana, Sophie Klett, and Manfred Lindner. “Flavor seesaw mechanism”.

In: Phys. Rev. D 105.11 (2022), p. 115015. por: 10. 1103/PhysRevD. 105.115015.
arXiv: 2112.09155 [hep-ph].

Gurucharan Mohanta and Ketan M. Patel. “Radiatively generated fermion mass
hierarchy from flavor nonuniversal gauge symmetries”. In: Phys. Rev. D 106.7
(2022), p. 075020. por: 10. 1103 /PhysRevD . 106 . 075020. arXiv: 2207 . 10407

[hep-ph].


https://doi.org/10.1016/0370-2693(89)91129-5
https://doi.org/10.1016/0370-2693(89)91129-5
https://doi.org/10.1016/0370-2693(89)90401-2
https://doi.org/10.1016/0370-2693(89)90401-2
https://doi.org/10.1016/0370-2693(90)91433-C
https://doi.org/10.1103/PhysRevLett.63.1042
https://doi.org/10.1103/PhysRevLett.64.2747
https://doi.org/10.1103/PhysRevLett.64.2747
https://doi.org/10.1103/PhysRevD.54.2242
https://arxiv.org/abs/hep-ph/9601262
https://doi.org/10.1103/PhysRevLett.62.1228
https://doi.org/10.1103/PhysRevLett.62.1228
https://arxiv.org/abs/hep-ph/0406315
https://doi.org/10.1016/j.physletb.2006.04.043
https://arxiv.org/abs/hep-ph/0603104
https://doi.org/10.1103/PhysRevD.76.105024
https://doi.org/10.1103/PhysRevD.76.105024
https://arxiv.org/abs/0706.1490
https://doi.org/10.1088/1126-6708/2008/08/100
https://arxiv.org/abs/0805.0822
https://doi.org/10.1103/PhysRevD.81.033002
https://arxiv.org/abs/0906.4657
https://doi.org/10.1103/PhysRevD.101.035020
https://arxiv.org/abs/2001.06582
https://arxiv.org/abs/2001.06582
https://doi.org/10.1103/PhysRevD.105.115015
https://arxiv.org/abs/2112.09155
https://doi.org/10.1103/PhysRevD.106.075020
https://arxiv.org/abs/2207.10407
https://arxiv.org/abs/2207.10407

REFERENCES 151

[64] Cheng-Wei Chiang and Kei Yagyu. “Radiative Seesaw Mechanism for Charged
Leptons”. In: Phys. Rev. D 103.11 (2021), p. L111302. por: 10. 1103 /PhysRevD.
103.L111302. arXiv: 2104.00890 [hep-ph].

[65] Cheng-Wei Chiang, Ryomei Obuchi, and Kei Yagyu. “Dark sector as origin of
light lepton mass and its phenomenology”. In: JHEP 05 (2022), p. 070. por:
10.1007/JHEP05(2022)070. arXiv: 2202.07784 [hep-ph].

[66] Michael J. Baker, Peter Cox, and Raymond R. Volkas. “Has the Origin of the
Third-Family Fermion Masses been Determined?” In: JHEP 04 (2021), p. 151.
por: 10.1007/JHEP04(2021) 151. arXiv: 2012. 10458 [hep-ph].

[67] Michael J. Baker, Peter Cox, and Raymond R. Volkas. “Radiative muon mass
models and (g — 2)14". In: JHEP 05 (2021), p. 174. por: 10. 1007/ JHEP05(2021)
174. arXiv: 2103. 13401 [hep-ph].

[68] Wen Yin. “Radiative lepton mass and muon g — 2 with suppressed lepton flavor
and CP violations”. In: JHEP 08 (2021), p. 043. por: 10. 1007/ JHEP08(2021)043.
arXiv: 2103. 14234 [hep-ph].

[69] Andreas Crivellin, Jennifer Girrbach, and Ulrich Nierste. “Yukawa coupling
and anomalous magnetic moment of the muon: an update for the LHC era”.
In: Phys. Rev. D 83 (2011), p. 055009. por: 10 . 1103 / PhysRevD . 83 . 055009.
arXiv: 1010.4485 [hep-ph].

[70] Andreas Crivellin et al. “Phenomenological consequences of radiative flavor
violation in the MSSM”. In: Phys. Rev. D 84 (2011), p. 035030. por: 10. 1103/
PhysRevD.84.035030. arXiv: 1105.2818 [hep-ph].

[71] We-Fu Chang. “Non-universal gauged lepton number for charged lepton masses
hierarchy and (g -2),,,,”. In: (Oct. 2022). arXiv: 2210. 11097 [hep-ph].

[72] Admir Greljo and Anders Eller Thomsen. “Rising through the ranks: flavor hi-
erarchies from a gauged SU(2) symmetry”. In: Eur. Phys. ]. C 84.2 (2024), p. 213.
por: 10.1140/epjc/s10052-024-12556-5. arXiv: 2309. 11547 [hep-ph].

[73] We-Fu Chang. “Exploring a Gauge Horizontal Model for Charged Fermion Masses”.
In: (Aug. 2024). arXiv: 2408.02238 [hep-ph].

[74] Mario Reig, José W. E. Valle, and Frank Wilczek. “SO(3) family symmetry and
axions”. In: Phys. Rev. D 98.9 (2018), p. 095008. por: 10. 1103 /PhysRevD.98.
095008. arXiv: 1805.08048 [hep-ph].

[75] Gurucharan Mohanta and Ketan M. Patel. “Gauged SU(3)r and loop induced
quark and lepton masses”. In: JHEP 10 (2023), p. 128. por: 10. 1007/ JHEP10(2023)
128. arXiv: 2308.05642 [hep-ph].

[76] Ravi Kuchimanchi. “Parity and lepton masses in the left-right symmetric model”.
In: Phys. Rev. D 110.9 (2024), p. 095028. por: 10.1103/PhysRevD. 110.095028.
arXiv: 2406. 14480 [hep-ph].

[77] Gurucharan Mohanta and Ketan M. Patel. “Loop-induced masses for the first
two generations with optimum flavour violation”. In: JHEP 12 (2024), p. 158.
por: 10.1007/JHEP12(2024) 158. arXiv: 2406.19179 [hep-ph].

[78] Sudip Jana et al. “Radiative origin of fermion mass hierarchy in left-right sym-
metric theory”. In: JHEP 01 (2025), p. 082. por: 10. 1007 / JHEPO1(2025 ) 082.
arXiv: 2409.04246 [hep-ph].

[79] Gurucharan Mohanta. “Radiative Mass Mechanism: Addressing the Flavour Hi-
erarchy and Strong CP Puzzle”. In: (Nov. 2024). arXiv: 2411.13385 [hep-ph].


https://doi.org/10.1103/PhysRevD.103.L111302
https://doi.org/10.1103/PhysRevD.103.L111302
https://arxiv.org/abs/2104.00890
https://doi.org/10.1007/JHEP05(2022)070
https://arxiv.org/abs/2202.07784
https://doi.org/10.1007/JHEP04(2021)151
https://arxiv.org/abs/2012.10458
https://doi.org/10.1007/JHEP05(2021)174
https://doi.org/10.1007/JHEP05(2021)174
https://arxiv.org/abs/2103.13401
https://doi.org/10.1007/JHEP08(2021)043
https://arxiv.org/abs/2103.14234
https://doi.org/10.1103/PhysRevD.83.055009
https://arxiv.org/abs/1010.4485
https://doi.org/10.1103/PhysRevD.84.035030
https://doi.org/10.1103/PhysRevD.84.035030
https://arxiv.org/abs/1105.2818
https://arxiv.org/abs/2210.11097
https://doi.org/10.1140/epjc/s10052-024-12556-5
https://arxiv.org/abs/2309.11547
https://arxiv.org/abs/2408.02238
https://doi.org/10.1103/PhysRevD.98.095008
https://doi.org/10.1103/PhysRevD.98.095008
https://arxiv.org/abs/1805.08048
https://doi.org/10.1007/JHEP10(2023)128
https://doi.org/10.1007/JHEP10(2023)128
https://arxiv.org/abs/2308.05642
https://doi.org/10.1103/PhysRevD.110.095028
https://arxiv.org/abs/2406.14480
https://doi.org/10.1007/JHEP12(2024)158
https://arxiv.org/abs/2406.19179
https://doi.org/10.1007/JHEP01(2025)082
https://arxiv.org/abs/2409.04246
https://arxiv.org/abs/2411.13385

REFERENCES

82]

83]

[84]

[95]

[96]

Sophie Elaine Klett. “Fermion Mass Hierarchy with a Radiative Originand Ex-

perimental Insights into Neutrino Interactions”. PhD thesis. U. Heidelberg (main),

2024. por: 10.11588/heidok.00035705.

Z. G. Berezhiani. “The Weak Mixing Angles in Gauge Models with Horizontal
Symmetry: A New Approach to Quark and Lepton Masses”. In: Phys. Lett. B
129 (1983), pp- 99-102. por: 10.1016/0370-2693(83)90737-2.

Z. G. Berezhiani. “Horizontal Symmetry and Quark - Lepton Mass Spectrum:
The SU(5) x SU(3)-h Model”. In: Phys. Lett. B 150 (1985), pp. 177-181. por:
10.1016/0370-2693(85)90164-9.

Darwin Chang and Rabindra N. Mohapatra. “Small and Calculable Dirac Neu-
trino Mass”. In: Phys. Rev. Lett. 58 (1987), p. 1600. por: 10. 1103/PhysRevlLett.
58.1600.

S. Rajpoot. “Seesaw Masses for Quarks and Leptons in an Ambidextrous Elec-
troweak Interaction Model”. In: Phys. Lett. B 191 (1987), pp. 122-126. por: 10.
1016/0370-2693(87)91332-3.

A. Davidson and Kameshwar C. Wali. “Universal Seesaw Mechanism?” In: Phys.
Rev. Lett. 59 (1987), p. 393. por: 10.1103/PhysRevLett.59.393.

Peter Minkowski. “u — ey at a Rate of One Out of 1-Billion Muon Decays?” In:
Phys. Lett. B 67 (1977), pp. 421-428. por: 10.1016/0370-2693(77)90435-X.

Tsutomu Yanagida. “Horizontal Symmetry and Mass of the Top Quark”. In:
Phys. Rev. D 20 (1979), p. 2986. por: 10.1103/PhysRevD.20.2986.

M. Gell-Mann, P. Ramond, and R. Slansky. “Complex Spinors and Unified The-
ories”. In: (1979). Ed. by D.Z. Freedman and P. Van Nieuwenhuizen. arXiv:hep-
th/9803009, pp. 315-321.

Anjan S. Joshipura, Namit Mahajan, and Ketan M. Patel. “Generalised p-7 sym-
metries and calculable gauge kinetic and mass mixing in U(I)LF_LT models”.
In: JHEP 03 (2020), p. 001. por: 10.1007/JHEP03(2020)001. arXiv: 1909.02331
[hep-ph].

G. Passarino and M. J. G. Veltman. “One Loop Corrections for e+ e- Annihi-
lation Into mu+ mu- in the Weinberg Model”. In: Nucl. Phys. B 160 (1979),
pp- 151-207. por: 10.1016/0550-3213(79)90234-7.

Robert Foot. “New Physics From Electric Charge Quantization?” In: Mod. Phys.
Lett. A 06 (1991), pp. 527-530. por: 10.1142/50217732391000543.

X.G. Heetal. “NEW Z-prime PHENOMENOLOGY”. In: Phys. Rev. D 43 (1991),
pp- 22-24. por: 10.1103/PhysRevD.43.R22.

Xiao-Gang He et al. “Simplest Z-prime model”. In: Phys. Rev. D 44 (1991),
pp. 2118-2132. por: 10.1103/PhysRevD.44.2118.

K. S. Babu, Christopher F. Kolda, and John March-Russell. “Leptophobic U(1)
s and the R(b) - R(c) crisis”. In: Phys. Rev. D 54 (1996), pp. 4635-4647. por:
10.1103/PhysRevD.54.4635. arXiv: hep-ph/9603212.

T. Yanagida. “Horizontal gauge symmetry and masses of neutrinos”. In: (1979).

Rabindra N. Mohapatra and Goran Senjanovic. “Neutrino Mass and Sponta-
neous Parity Nonconservation”. In: Phys. Rev. Lett. 44 (1980), p. 912. por: 10.
1103/PhysRevLett.44.912.


https://doi.org/10.11588/heidok.00035705
https://doi.org/10.1016/0370-2693(83)90737-2
https://doi.org/10.1016/0370-2693(85)90164-9
https://doi.org/10.1103/PhysRevLett.58.1600
https://doi.org/10.1103/PhysRevLett.58.1600
https://doi.org/10.1016/0370-2693(87)91332-3
https://doi.org/10.1016/0370-2693(87)91332-3
https://doi.org/10.1103/PhysRevLett.59.393
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevD.20.2986
https://doi.org/10.1007/JHEP03(2020)001
https://arxiv.org/abs/1909.02331
https://arxiv.org/abs/1909.02331
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1142/S0217732391000543
https://doi.org/10.1103/PhysRevD.43.R22
https://doi.org/10.1103/PhysRevD.44.2118
https://doi.org/10.1103/PhysRevD.54.4635
https://arxiv.org/abs/hep-ph/9603212
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912

REFERENCES 153

[97] V. Suryanarayana Mummidi and Ketan M. Patel. “Leptogenesis and fermion
mass fit in a renormalizable SO(10) model”. In: JHEP 12 (2021), p. 042. por:
10.1007/JHEP12(2021)042. arXiv: 2109.04050 [hep-ph].

[98] Zhi-zhong Xing, He Zhang, and Shun Zhou. “Updated Values of Running Quark
and Lepton Masses”. In: Phys. Rev. D 77 (2008), p. 113016. por: 10 . 1103/
PhysRevD.77.113016. arXiv: 0712.1419 [hep-ph].

[99] R.L.Workman et al. “Review of Particle Physics”. In: PTEP 2022 (2022), p. 083CO01.
por: 10.1093/ptep/ptac097.

[100] M. Bona et al. “Model-independent constraints on AF = 2 operators and the
scale of new physics”. In: JHEP 03 (2008), p. 049. por: 10. 1088/ 1126-6708/
2008/03/049. arXiv: 0707.0636 [hep-ph].

[101] Marco Ciuchini et al. “Delta M(K) and epsilon(K) in SUSY at the next-to-leading
order”. In: JHEP 10 (1998), p. 008. por: 10. 1088/ 1126-6708/ 1998/ 10/ 008.
arXiv: hep-ph/9808328.

[102] Aleks Smolkovi¢, Michele Tammaro, and Jure Zupan. “Anomaly free Froggatt-
Nielsen models of flavor”. In: JHEP 10 (2019). [Erratum: JHEP 02, 033 (2022)],
p- 188. por: 10.1007/JHEP10(2019) 188. arXiv: 1907. 10063 [hep-ph].

[103] D. Becirevic et al. “B; — B; mixing and the B; — J /1K, asymmetry in general
SUSY models”. In: Nucl. Phys. B 634 (2002), pp. 105-119. por: 10. 1016/50550-
3213(02)00291-2. arXiv: hep-ph/0112303.

[104] Luca Di Luzio, Matthew Kirk, and Alexander Lenz. “Updated By-mixing con-
straints on new physics models for b — s¢* ¢~ anomalies”. In: Phys. Rev. D 97.9
(2018), p. 095035. por: 10 . 1103 / PhysRevD . 97 . 095035. arXiv: 1712 . 06572
[hep-ph].

[105] B. C. Allanach, J. M. Butterworth, and Tyler Corbett. “Collider constraints on
Z’ models for neutral current B-anomalies”. In: JHEP 08 (2019), p. 106. por:
10.1007/JHEP08(2019) 106. arXiv: 1904.10954 [hep-ph].

[106] Wilhelm H. Bertl et al. “A Search for muon to electron conversion in muonic
gold”. In: Eur. Phys. ]. C 47 (2006), pp. 337-346. por: 10. 1140/epjc/s2006-
02582-x.

[107] Ryuichiro Kitano, Masafumi Koike, and Yasuhiro Okada. “Detailed calculation
of lepton flavor violating muon electron conversion rate for various nuclei”. In:
Phys. Rev. D 66 (2002). [Erratum: Phys.Rev.D 76, 059902 (2007)], p. 096002.
por: 10.1103/PhysRevD.76.059902. arXiv: hep-ph/0203110.

[108] Lorenzo Calibbi and Giovanni Signorelli. “Charged Lepton Flavour Violation:
An Experimental and Theoretical Introduction”. In: Riv. Nuovo Cim. 41.2 (2018),
pp- 71-174. por: 10.1393/ncr/i2018-10144-0. arXiv: 1709.00294 [hep-ph].

[109] Julian Heeck. “Lepton flavor violation with light vector bosons”. In: Phys. Lett.
B 758 (2016), pp. 101-105. por: 10. 1016/ j . physletb.2016.05.007. arXiv:
1602.03810 [hep-ph].

[110] L. Lavoura. “General formulae for f(1) — f(2) gamma”. In: Eur. Phys. ]. C 29
(2003), pp- 191-195. por: 10. 1140/ epjc/s2003-01212-7. arXiv: hep - ph/
0302221.

[111] Albert M Sirunyan et al. “Search for resonant and nonresonant new phenomena
in high-mass dilepton final states at \/s = 13 TeV”. In: JHEP 07 (2021), p. 208.
por: 10.1007/JHEPQ7(2021)208. arXiv: 2103.02708 [hep-ex].


https://doi.org/10.1007/JHEP12(2021)042
https://arxiv.org/abs/2109.04050
https://doi.org/10.1103/PhysRevD.77.113016
https://doi.org/10.1103/PhysRevD.77.113016
https://arxiv.org/abs/0712.1419
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1088/1126-6708/2008/03/049
https://doi.org/10.1088/1126-6708/2008/03/049
https://arxiv.org/abs/0707.0636
https://doi.org/10.1088/1126-6708/1998/10/008
https://arxiv.org/abs/hep-ph/9808328
https://doi.org/10.1007/JHEP10(2019)188
https://arxiv.org/abs/1907.10063
https://doi.org/10.1016/S0550-3213(02)00291-2
https://doi.org/10.1016/S0550-3213(02)00291-2
https://arxiv.org/abs/hep-ph/0112303
https://doi.org/10.1103/PhysRevD.97.095035
https://arxiv.org/abs/1712.06572
https://arxiv.org/abs/1712.06572
https://doi.org/10.1007/JHEP08(2019)106
https://arxiv.org/abs/1904.10954
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1103/PhysRevD.76.059902
https://arxiv.org/abs/hep-ph/0203110
https://doi.org/10.1393/ncr/i2018-10144-0
https://arxiv.org/abs/1709.00294
https://doi.org/10.1016/j.physletb.2016.05.007
https://arxiv.org/abs/1602.03810
https://doi.org/10.1140/epjc/s2003-01212-7
https://arxiv.org/abs/hep-ph/0302221
https://arxiv.org/abs/hep-ph/0302221
https://doi.org/10.1007/JHEP07(2021)208
https://arxiv.org/abs/2103.02708

154

REFERENCES

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]
[124]

[125]

Albert M Sirunyan et al. “Search for narrow and broad dijet resonances in
proton-proton collisions at y/s = 13 TeV and constraints on dark matter me-
diators and other new particles”. In: JHEP 08 (2018), p. 130. por: 10. 1007 /
JHEP08(2018) 130. arXiv: 1806.00843 [hep-ex].

Albert M Sirunyan et al. “A search for bottom-type, vector-like quark pair pro-
duction in a fully hadronic final state in proton-proton collisions at Vs = 13
TeV”. In: Phys. Rev. D 102 (2020), p. 112004. por: 10. 1103 /PhysRevD . 102 .
112004. arXiv: 2008.09835 [hep-ex].

Morad Aaboud et al. “Search for pair production of heavy vector-like quarks
decaying into high-pr W bosons and top quarks in the lepton-plus-jets final
state in pp collisions at /s = 13 TeV with the ATLAS detector”. In: JHEP 08
(2018), p. 048. por: 10.1007/JHEP08(2018)048. arXiv: 1806.01762 [hep-ex].

Albert M Sirunyan et al. “Search for vector-like quarks in events with two op-
positely charged leptons and jets in proton-proton collisions at v/s = 13 TeV”.
In: Eur. Phys. ]J. C 79.4 (2019), p. 364. por: 10.1140/epjc/s10052-019-6855-8.
arXiv: 1812.09768 [hep-ex].

Morad Aaboud et al. “Combination of the searches for pair-produced vector-
like partners of the third-generation quarks at v/s = 13 TeV with the ATLAS de-
tector”. In: Phys. Rev. Lett. 121.21 (2018), p. 211801. por: 10. 1103/PhysRevlLett.
121.211801. arXiv: 1808.02343 [hep-ex].

K. S. Babu, Christopher F. Kolda, and John March-Russell. “Implications of gen-
eralized Z - Z-prime mixing”. In: Phys. Rev. D 57 (1998), pp. 6788-6792. por:
10.1103/PhysRevD.57.6788. arXiv: hep-ph/9710441.

B. C. Allanach, J. Eliel Camargo-Molina, and Joe Davighi. “Global fits of third
family hypercharge models to neutral current B-anomalies and electroweak
precision observables”. In: Eur. Phys. J]. C 81.8 (2021), p. 721. por: 10. 1140/
epjc/s10052-021-09377-1. arXiv: 2103.12056 [hep-ph].

Joe Davighi. “Anomalous Z’ bosons for anomalous B decays”. In: JHEP 08 (2021),
p- 101. por: 10.1007/JHEP08(2021)101. arXiv: 2105.06918 [hep-ph].

Francesco Capozzi et al. “Global constraints on absolute neutrino masses and
their ordering”. In: Phys. Rev. D 95.9 (2017). [Addendum: Phys.Rev.D 101, 116013
(2020)], p. 096014. por: 10. 1103 /PhysRevD . 95.096014. arXiv: 2003 . 08511
[hep-ph].

P. F. de Salas et al. “2020 global reassessment of the neutrino oscillation pic-
ture”. In: JHEP 02 (2021), p. 071. por: 10 . 1007 / JHEP02(2021 ) 071. arXiv:
2006.11237 [hep-ph].

Ivan Esteban et al. “The fate of hints: updated global analysis of three-flavor
neutrino oscillations”. In: JHEP 09 (2020), p. 178. por: 10. 1007/ JHEP09(2020)
178. arXiv: 2007.14792 [hep-ph].

J. Schechter and J. W. E. Valle. “Neutrino Masses in SU(2) x U(1) Theories”. In:
Phys. Rev. D 22 (1980), p. 2227. por: 10.1103/PhysRevD.22.2227.

Robert Foot et al. “Seesaw Neutrino Masses Induced by a Triplet of Leptons”.
In: Z. Phys. C 44 (1989), p. 441. por: 10. 1007 /BF01415558.

George Lazarides, Q. Shafi, and C. Wetterich. “Proton Lifetime and Fermion
Masses in an SO(10) Model”. In: Nucl. Phys. B 181 (1981), pp. 287-300. por:
10.1016/0550-3213(81)90354-0.


https://doi.org/10.1007/JHEP08(2018)130
https://doi.org/10.1007/JHEP08(2018)130
https://arxiv.org/abs/1806.00843
https://doi.org/10.1103/PhysRevD.102.112004
https://doi.org/10.1103/PhysRevD.102.112004
https://arxiv.org/abs/2008.09835
https://doi.org/10.1007/JHEP08(2018)048
https://arxiv.org/abs/1806.01762
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://arxiv.org/abs/1812.09768
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevLett.121.211801
https://arxiv.org/abs/1808.02343
https://doi.org/10.1103/PhysRevD.57.6788
https://arxiv.org/abs/hep-ph/9710441
https://doi.org/10.1140/epjc/s10052-021-09377-1
https://doi.org/10.1140/epjc/s10052-021-09377-1
https://arxiv.org/abs/2103.12056
https://doi.org/10.1007/JHEP08(2021)101
https://arxiv.org/abs/2105.06918
https://doi.org/10.1103/PhysRevD.95.096014
https://arxiv.org/abs/2003.08511
https://arxiv.org/abs/2003.08511
https://doi.org/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2006.11237
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2007.14792
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1007/BF01415558
https://doi.org/10.1016/0550-3213(81)90354-0

References 155

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]

[138]

M. Magg and C. Wetterich. “Neutrino Mass Problem and Gauge Hierarchy”. In:
Phys. Lett. B 94 (1980), pp. 61-64. por: 10.1016/0370-2693(80)90825-4.

Rabindra N. Mohapatra and Goran Senjanovic. “Neutrino Masses and Mixings
in Gauge Models with Spontaneous Parity Violation”. In: Phys. Rev. D 23 (1981),
p. 165. por: 10.1103/PhysRevD.23.165.

Bob Holdom. “Two U(1)’s and Epsilon Charge Shifts”. In: Phys. Lett. B 166
(1986), pp. 196-198. por: 10.1016/0370-2693(86)91377-8.

Mario Fernandez Navarro and Stephen F. King. “Tri-hypercharge: a separate
gauged weak hypercharge for each fermion family as the origin of flavour”. In:
JHEP 08 (2023), p. 020. por: 10. 1007 / JHEP08(2023) 020. arXiv: 2305 . 07690
[hep-ph].

Joe Davighi and Ben A. Stefanek. “Deconstructed hypercharge: a natural model
of flavour”. In: JHEP 11 (2023), p. 100. por: 10. 1007/ JHEP11(2023) 100. arXiv:
2305.16280 [hep-ph].

Albino Hernandez-Galeana. “Charged Fermion Masses and Mixing from a SU(3)
Family Symmetry Model”. In: Bled Workshops Phys. 16.2 (2015). Ed. by Norma
Susana Manko¢ Borstnik, Holger Bech Nielsen, and Dragan Lukman, pp. 47—
62. arXiv: 1602.08212 [hep-ph].

Ling-Fong Li. “Group Theory of the Spontaneously Broken Gauge Symmetries”.
In: Phys. Rev. D 9 (1974), pp. 1723-1739. por: 10. 1103/PhysRevD.9.1723.

Pierre Ramond. Journeys beyond the standard model. Vol. 101. 1999. 1sBN: 978-0-
8133-4131-6, 978-0-7382-0116-0.

A. L. Cherchiglia et al. “Seesaw limit of the Nelson-Barr mechanism”. In: Phys.
Lett. B 860 (2025), p. 139222. por: 10. 1016/ j.physletb.2024.139222. arXiv:
2404.16945 [hep-ph].

Ricardo Alarcon et al. “Electric dipole moments and the search for new physics”.
In: Snowmass 2021. Mar. 2022. arXiv: 2203.08103 [hep-ph].

H. Georgi and S. L. Glashow. “Unity of All Elementary Particle Forces”. In:
Phys. Rev. Lett. 32 (1974), pp. 438-441. por: 10. 1103/PhysRevlLett.32.438.

Harald Fritzsch and Peter Minkowski. “Unified Interactions of Leptons and
Hadrons”. In: Annals Phys. 93 (1975), pp. 193-266. por: 10.1016/0003-4916(75)
90211-0.

Jogesh C. Pati and Abdus Salam. “Lepton Number as the Fourth Color”. In:
Phys. Rev. D 10 (1974). [Erratum: Phys.Rev.D 11, 703-703 (1975)], pp. 275-
289. por: 10.1103/PhysRevD.10.275.


https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1007/JHEP08(2023)020
https://arxiv.org/abs/2305.07690
https://arxiv.org/abs/2305.07690
https://doi.org/10.1007/JHEP11(2023)100
https://arxiv.org/abs/2305.16280
https://arxiv.org/abs/1602.08212
https://doi.org/10.1103/PhysRevD.9.1723
https://doi.org/10.1016/j.physletb.2024.139222
https://arxiv.org/abs/2404.16945
https://arxiv.org/abs/2203.08103
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1016/0003-4916(75)90211-0
https://doi.org/10.1016/0003-4916(75)90211-0
https://doi.org/10.1103/PhysRevD.10.275

	Dedication
	Declaration
	Certificate
	Acknowledgments
	Abstract
	Publications
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Fermion masses in the Standard Model
	Flavour puzzle
	Quantifying the flavour hierarchies
	The anarchy

	Strong CP problem
	Attempts to generate hierarchy
	Radiative mass generation

	The objectives and Thesis structure

	Radiative generation of fermion masses: General aspects
	The Toy model and Loop-induced masses
	The tree level
	At 1-loop

	Consequences of 1-loop result
	Symmetry analysis
	UV completion of L,R and implications
	Summary

	Flavour hierarchies from the quantum corrections in an Abelian model
	Model Implementation
	Charged fermion masses
	Neutrino masses

	Example solutions
	Phenomenological aspects
	Quark flavour violation
	Lepton flavour violation
	Direct and electroweak constraints

	The scalar induced FCNCs
	Conclusions and Outlook

	Optimising the flavour violation in the Abelian frameworks
	Optimal gauge charges and 2-loop masses
	2-loop fermion masses

	Integration with the standard model
	Implementation
	Test of viability

	Phenomenological constraints
	Meson-antimeson oscillation
	 to e conversion
	li 3 ljand li lj 

	Neutrino masses
	Majorana option
	Dirac option

	On the origin of the gauge charges
	Conclusion

	Radiative mass mechanism in Non-Abelian Gauge theory
	SU(3)F and fermion mass generation
	 Gauge-boson mass hierarchy
	An explicit Model
	SU(3)F breaking and gauge boson mass ordering
	Charged fermion masses
	Neutrino masses

	Numerical Solutions
	Flavour violation
	Quark sector
	Lepton sector

	Conclusion

	Left-Right symmetric extension and Accommodating the strong CP solution
	Overview of the Model
	Fermion masses and siunitxunit-deprecatedࡡ爠barbar 
	Tree level
	1-loop masses and siunitxunit-deprecatedࡡ爠barbar
	2-loop masses and siunitxunit-deprecatedࡡ爠barbar

	Qualitative analysis
	Summary

	Summary and Outlook
	SU(3)F: The generators
	Notes on Hermitian Type matrices
	The real determinant
	Phase of the elements of UL,R

	References

