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Abstract

Various phenomenological consequences of seesaw theories for the generation of the fermion mass hierarchy of the
Standard Model have been analyzed, with an emphasis on models in which the light-active neutrino masses are de-
rived from low-scale seesaw mechanisms. In particular, fermion masses and lepton flavor-violating decay processes,
the flavor-changing neutral current, have been studied, and the implications of these theories for the observed dark
matter relic density in the Universe have been determined. From the analysis of these phenomenological aspects,
it was possible to determine the allowed parameter spaces of these theories and to obtain a parameter fit consistent
with the currently measured experimental values. In this way, correlations between the different observables of the
fermionic sector could be obtained, where all values were within the experimental ranges at 30. Predictions for
new physics consistent with cosmological limits were also obtained.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) is a quantum field theory that unifies the electromagnetic, weak and
strong interactions under the gauge symmetry group SU(3)¢ ® SU(2)r ® U(1)y. The symmetry group SU(3)¢
is associated with the strong interaction, i.e. the interaction between the different colors of quarks, where the
mediator particles are the gluons and each quark flavor is a triplet of the color of the group SU(3)¢c. On the other
hand, the electromagnetic and weak interactions are unified under the electroweak theory associated with the group
SU(2)r @ U(1)y, where left-handed fermions are doublets and right-handed fermions are singlets of SU(2),, and
the mediating particles of this interaction are four gauge bosons (photon, Z, and W¥). In addition to having the
representations of each symmetry group, the content of fermionic matter is classified into three families of quarks
and three families of leptons, where asignment under the SM gauge group are show in table.

SUB)c @ SU2)L@U(1)y 1 1I 111
(3.2 ) @) | G | G
Quarks (3, 1, é) UR CR tr
(3, 1, —%) dR SR bR
(1,2,—3) Cer) [ Cor) 1 C72)
Leptones (1,1,-1) eRr R TR
(17 17 ) Ver pJ,UR Vrp

Table 1.1: Multiplets of Standard Model fields.

However, despite the great experimental success of the SM, it does not explain why there are three families of
fermions, it does not naturally explain the hierarchy present in the fermionic sector, which extends over a range
of thirteen orders of magnitude, from the active neutrino mass scale up to the top quark mass. Furthermore, the
SM cannot describe the pattern of fermion masses and mixings, with very small mixing angles for the quarks,
giving us a mixing matrix known as Cabibbo-Kobayashi-Maskawa (CKM), which is close to the identity, but for
the leptonic sector, on the other hand, there are two large and one small mixing angle, giving us the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, which is far from the identity. This whole puzzle is known as the “flavor
problem”.

In addition to the points mentioned above, we must also add the mass of the neutrinos, since the SM predicts
massless neutrinos, which we know to be incorrect, because neutrino oscillation has been observed experimen-
tally, starting with the observation of solar neutrinos [8], then with atmospheric neutrinos, and finally with reactor
experiments [9-16]. However, although these experiments show us the mixtures of neutrino eigenstates (Ve )
as they propagate as their mass eigenstates, they do not give us a clear answer as to what is the absolute mass
scale of the neutrinos, which is their dynamical origin, or whether they are Dirac or Majorana fermions. data
from neutrino oscillation experiments and from other experiments limit the range of mass values to be between
m, ~ 0.01 — 1 eV [5].



2 CHAPTER 1. INTRODUCTION

Because of these drawbacks, there is a need to search for new physics beyond the Standard Model, where sev-
eral proposals can be found in the literature, such as theries with enlarged particle spectrum, extended symmetries
ans low scale seesaw mechanisms. In the BSM theories with extended symmetries, the spontaneous breaking of
these symmetries yields the observed pattern of SM fermion masses and mixing parameters.

This thesis is organized as follows. In chapter 2] we will discuss the main features of the SM and look at some
of the problems it cannot explain. Then, in chapter[3] we will analyze neutrino physics and see a brief discussion of
seesaw mechanisms for neutrino mass production. In chapter[d] we will look at the first paper on which this thesis
is based, where we will study the implementation of a radiative inverse seesaw mechanism and the implications for
dark matter candidates and leptonic flavor violating processes. Then, in chapter [5} we will present the analyses of
the second paper on which this thesis is based, where we will study an extension of the theories known as 3HDM
and 4HDM, analyzing the implementation of a radiative seesaw mechanism, analyzing the masses and mixtures of
fermions, the scalar sector and dark matter, in addition, we will see the implication of the model in the oscillation
of mesons and the corrections obtained for the oblique parameters. In chapter [6| we will present the last paper on
which this work is based, where we will analyze the extension of a 331 model with discrete and cyclic symmetries,
studying the masses and mixtures of the fermions, where an inverse seesaw mechanism is implemented for the
neutrino sector and the scalar sector will be analyzed, we will also see an analysis of the oscillation of mesons and
the corrections obtained for the oblique parameters will be studied. Finally, in chapter [/| the conclusions of this
work will be presented.






Chapter 2

Important aspects

2.1 The Standard Model

The Standard Model (SM) is a gauge theory based on the group of local symmetries SU(3)c @ SU(2), @ U(1)y,
which describes the strong, weak, and electromagnetic interactions mediated by the corresponding spin-1 fields
(gauge bosons): 8 massless gluons and 1 massless () photon for the strong and electromagnetic interactions,
respectively, and 3 massive bosons (W= and Z) for the weak interaction [?] (Table 1.2). The fermionic matter con-
sists of three families of quarks and three families of leptons. Each family consists of two spin 1/2 particles, f and
f*, with electric charges Q@ = @ + 1 multiples of the charge of the proton (Table [2.1), and their corresponding
antiparticles. Quarks appear in three possible color states (conventionally red, green, and blue).

The fields are grouped into multiplets (irreducible representations) under the group transformations (table[I.T)).
Quarks are triplets and leptons are singlets under the color group SU(3)¢. Under the SU(2),, group, the levorota-
tory (left) components are transformed differently from the dextrogyro (right) ones: the left fields are doublets, and
the right ones are singlets of weak isospin 7'. The Y index refers to the hypercharge. The electric charge, isospin
and hypercharge of the fields are related by Q = T35 + Y. The three families of quarks and leptons have the same
properties (gauge interactions), differing only in the masses and flavor quantum numbers of their fields.

The gauge symmetry is spontaneously broken, which requires introducing a scalar field (the Higgs field) and
allows weak bosons and fermions to be massive, as we observe them in nature. In the following, we will construct
the SM Lagrangian of the electromagnetic and weak interactions for a single family of quarks and leptons. We will
ignore the flavor independent interactions.

Bosons
Photon (7)| Electromagnetic interaction
spin 1 Wy, Z Weak interaction
8 Gluons (G) Strong interaction
spin 0 Higgs Origin of the masses

Table 2.1: Standard Model Interactions

2.1.1 Abelian gauge symmetry

Consider just one family of free and massless spin 1/2 1) and 1) fermions (quarks or leptons), described by the fields
¥ (x) and v (x), respectively. The Dirac Lagrangian will describe them [|17]:

Lo = P(x) ("0 —m) ¥(x) 2.1

4
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Fermions 1 II 1I Q
Quarks | f | uuu | ccc | tit 2/3
. 1 3 -
spin 5 f> | ddd | sss | bbb | —1/3
Leptons f Ve Vy v, 0
f’ e 7’ T —1
Table 2.2: Standard Model Particles
with 9, = % and y* = (70, *yj), are linear operators described by 4 x 4 matrices, known as Dirac matri-

ces [18}/19]: ‘
V=031 y ’)/]:’}/0(0'3®O'j) . (2.2)

Now we want to see if £y remains invariant under local gauge transformations U (1) [4]], which is unitary, so:
UUdesser = Uiy = 1.
Yl UQ) ¢'(@) = exp {iQ8} (), 2.3)

where @ is the generator of the Abelian group U (1) [[19,20] and § = 0(x) is a spacetime dependent parameter. In
such a case, the Lagrangian is not invariant under local transformations,

Ly = ip(x)' v 9up(x) — mip(x) ()’
= ip(x)e” "0, (e”(x)) — map(x)e” P ()
()7 0t () — h(@)y" () 0,0 — map(x )y ()
0 =L =)y h(x)0,0. (2.4)

The kinetic term is not invariant due to the partial derivative, so if we want to ensure that the phase invariance
of U(1) is preserved locally, we have to define a new derivative which must have the following transformation,

(D) = D}, (exp{iQO}y) = exp{iQO} (D,v)) . 2.5)

D,, is known as the covariant derivative, which we can define as,

D, =0, —iQA,, (2.6)

where A, is a 4-vector, whose transformation we can obtain by replacing (2.6) in (2.3), so,

(D)’ = (9 —iQAL) (¢9"Y)
=€’ (9, +iQ0.0 — iQA),) ¥, 2.7)
but,
(Dﬂ¢)/ ='@f (D)
"0 (0, +iQ0,0 — iQA,) p = €' (0, — iQA,) v

Al = A, +8,0. (2.8)

Here we can see A, as the 4-vector potential of the gauge field. Consequently,

L =ip(z2)y*Dyp(z) — myp(2)y(z) = Lo — QU(x)y" A, , (2.9)

the Dirac Lagrangian invariant under local U (1) transformations. Thus the gauge principle has generated the inter-
action between the Dirac spinor ¢ and the gauge field A,,.

Now let us define the following tensor [19,20]:

Fo, = 0,A, —0,A, (2.10)
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which, as we can see, is invariant under the gauge transformation described in the equation (2.8). Hence the kinetic
term of the Lagrangian for the gauge field A, is

1
4
If we associate the field A,, with the photon and () with the charge generator, the equation (2.10) is the elec-

tromagnetic tensor, and the equation (2.9) allows us to fully describe quantum electrodynamics (QED) [4]] by the
QED Lagrangian.

La=—=F,F". @2.11)

1
Lopp = =7 Fuw B + Lo = JgyAu (2.12)

where JEy, = Q1py*p is the 4-electromagnetic current.

2.1.2 Non-Abelian gauge symmetry

As in the Abelian case, we want to impose that the Dirac Lagrangian for the free particle is invariant under local G
transformations [4]).

b@) G V@) =Ub). @13
So UUT = UTU = 1 and det |U| = 1, where G = SU(N) represents a non-abelian Lie group [21], then:
v(z) G Y(x) =exp{iTad"(2)} ¥(2), (2.14)

with T, = \,/2, where 6%(z) is an arbitrary parameter and is also a function of spacetime, while A, (with a =
1,2, ..., N? — 1) are the generators of the Lie group representation SU (), which satisfies the Lie algebra [20]
A% NP _ A¢
[2, 2} = ifabe (2.15)
where [, is the structure constant of the Lie algebra [21]. Again, one must resort to the gauge principle, since the
Lagrangian is not invariant under G gauge transformations. Therefore (N 2 1) transforming fields are introduced
as:
an/ 1 a :
Gp: 4 (Gh) =G - 5 (0u) + fabeb"GS, . (2.16)
The covariant derivative is defined as:
Dy =0, +igToG, . (2.17)
A gauge field will be introduced for each group generator associated with the interactions; therefore, we can
associate a symmetry group and a set of gauge fields with each interaction.

In addition, ¢ is an arbitrary coupling constant that characterizes the intensity of the interaction. Then the
Lagrangian is a function of the covariant derivative:

L =(z) (iy" Dy — m) P(z) . (2.18)

This Lagrangian is invariant under local gauge transformations G. If a theory is both non-Abelian and locally

invariant, it is called a Yang-Mills [20] theory.

By generalizing the field strenght tensor to a Yang-Mills theory, we obtain

FY, = 0,G% — 0,G% — gfancGLGS, (2.19)
whose transformation is: )
Fp, G (FL) = Fi + fanc0 Fp, . (2.20)
Then we can write the kinetic term of Gl‘j as,
1
Lo = _ZF;ZVF(;“’ . 2.21)

Thus, the invariant Lagrangian under SU(N) is:

1 —
L= FL B + () (' Dy —m) ¢(z) . (2.22)
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2.1.3 Gauge symmetry in the Standard Model

Let us take the electroweak sector, i.e., the symmetry group SU(2);, x U(1)y and for simplicity consider only a
family of free and massless 1/2 spin fermions (quarks or leptons) described by the fields f(z) and f'(z), respec-
tively. As seen above, one has the following Dirac lagrangian:

Lo =if()df(z)+if (z _zzup] (2)P;(z) , (2.23)

with g = ~#0,, and we have grouped the left components into one doublet and the right components into two
singlets for convenience.

¢1 - <ff> 5 ¢2 - fR 5 ¢3 = f]/% . (224)
L

If we want the Lagrangian to be invariant under gauge transformations of the group G = SU(2)r, @ U(1)y, we
consider abelian and non-abelian gauge transformations simultaneously, so that ¢)(z) transforms to,

i) & (@) = UyUryy(a) , (2.25)
where

ULzexp{f;a%x)} L Uy —ep (VB j=(1,2,3), (2.26)

B = B(x) and o’ = 67 (x) are arbitrary parameters depending on the space-time coordinates. The parameter Y is
the hypercharge and o; are the Pauli matrices.

The Lagrangian described by the equation (2.22)) is invariant under global transformations of the group G, i.e:
i(x) G Yi(r) = exp{iV1B(2)} ULty (x)
Ua(z) G y(x) = exp{iYap(x)} a(x) , (2.27)
Ualx) G wh(x) = exp {iYaB(x)} ¢a(x)

If we want the Lagrangian to be invariant under local transformations of the group G, the covariant derivative
must have the following form [4],

- .
D,=0,+ zg?Wi(z) +1ig'Y B, (x) , (2.28)
where g and ¢’ are the coupling constants associated with the SU(2)r, and U(1)y groups, respectively. B, is
the gauge field required to maintain invariance under the U (1)y transformation, and WJ are the 3 associated gauge

fields (W= and Z) [4] to maintain invariance under the SU (2) 1, group transformation.

Therefore, since we want D,1;(x) to transform the same as 1(x), since the properties of the gauge field
transformations remain fixed, then:

Bu(z) G B, (z) = Bu(z) - ;Bﬂﬂ(x) , (2.29)
Wi(z) G (Wi(x)) = Wi(x) - ; (0,07) + €ijra™ W), . (2.30)

For the introduction of the invariant kinetic terms for the gauge fields, we introduce the corresponding intensity
tensors (abelian and non-abelian).

By, =0,B, — 0,8, , (2.31)
Wi, =0,Wi —0,Wi + g *Wiw, . (2.32)
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We can observe that B,,, remains invariant under transformations of the group G, while Wﬂu transforms co-
variantly according to [4]:

Bu: G Bu ; W, G UWLUL. (2.33)

Therefore, the kinetic terms for the gauge fields are given by:
Lo=—tB,,Bmw — Lwi 2.34
¢ =—7Bw — EWMVWJ' . (2.34)

2.1.4 Spontaneous symmetry breaking

The gauge symmetry SU(2);, x U(1)y forbids mass terms for gauge bosons. Mass terms for fermions are also
impossible.

Spontaneous symmetry breaking (SSB) occurs when the vacuum of the system (minimum energy state) is de-
generate. The physical vacuum is one of the possible minimum energy states connected by the symmetries of the
Lagrangian. When nature chooses it, the symmetry of the physical states is broken, although the symmetry of the
Lagrangian is preserved.

The result of the SSB depends on the type of symmetries. If the lagrangian is invariant under a continuous
group of symmetries G, but the vacuum is invariant only under a subgroup H C G, then as many massless, spin-0
states (Goldstone bosons) appear as G generators that are not those of H, i.e., the number of symmetries that have
been broken (Goldstone theorem [22]]). If the symmetries of the Lagrangian are local (gauge), these Goldstone
bosons are absorbed by the gauge bosons associated with the broken symmetries, giving them mass (Higgs-Kibble
mechanism [23]).

Let us illustrate the SSB with the simplest example: a complex scalar field ¢(x), whose Lagrangian is described
by [19L[24]:

Ls=0,0"0"¢—V(®) with V(®)=p>3'®+\D0)?, (2.35)
with real and positive A\, where ¢ was said before and ® is represented by a doublet of SU(2), with hypercharge
Y=1:

B d)i B ¢1 + id)2
o = ( o )= o+ ix . (2.36)

This definition ensures that the scalar Lagrangian is invariant under SU(2);, ® U(1)y. We can get the vacuum
from the Hamiltonian:

H= % [(60%)2 + (Vcb)ﬂ +V(@TP). (2.37)

The minimum of H is obtained for (®)y = constant. Due to the symmetry SU(2), it can be chosen without

loss of generality.
1 /0
(@) = ( ) , (2.38)

so that v corresponds to the minimum of the potential V' (®T®) and thus of the energy. So the equation for this
minimum is

pr MNP =0, (2.39)
where it is obtained:
—u2
v = - (2.40)

For a minimum energy state (the vacuum) to exist, the parameter \ must satisfy A > 0. With respect to 2 there
are two possibilities:

i) If 42 > 0, the potential has only a trivial minimum. It is then a scalar field with mass ;2 and quartic coupling
A 1124,25]].
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Figure 2.1: (a) Form of the scalar potential for u? > 0 and (b) 2 < 0. In the second case, there is a continuum of
degenerate vacuums corresponding to different phases, connected by a massless field excitation ¢s.

ii) If 42 < 0, we do not have a unique vacuum state, since there is a continuous set of degenerate vacua,
which can be clearly seen in the figure 2.Ip of the potential. The minimum corresponds to satisfying field

configurations:
2
(01 9(2) 0} = Io(@)] = \/ 55 = 75 >0,

A
Vo) = = 0" (2.41)
Since the hypercharge of the ® field is 1, it is obtained for the vacuum state:
Y
15 + 5 (P)g=0. (2.42)

Then the vacuum is annihilated by the 75 + % operator, and recalling the relationship between electric charge,
isospin, and hypercharge, we conclude that the U (1) symmetry associated with the charge operator is not broken.
So we have the following symmetry breaking pattern,

SU@)LeU)y SSB  Ul)g. (2.43)

The photon, the generator of U (1), remains massless. Instead, we will see that the gauge bosons associated
with the generators 77 ; 75 and (T3 + %) acquire mass. If we express ¢ in terms of (¢)g, we get

v H
oc+ix=—7=+—=+1ix, 2.44
X= 5t TN (2.44)
where the H field is called the Higgs boson, we can write the Lagrangian (we consider only the terms associated
with o as: )
, g v+ H (0 o (v+ H)? (v+ H)*
Ly= |0 TWe+i=B, | —— - A 2.45
é ( L+ 19 Pk’ 5 u) NG (1 5 1 , ( )
where the quadratic terms for the vector fields are:
2 2 2 2
gw+H)? o g°(v+ H)
—WWtt 7 7" 2.46
4 B + 8cos2fy M (2.46)

It is important to note that the terms with v? represent mass terms for the W= and Z bosons. Therefore, the
masses of the W+ and Z bosons are given by:

M,
:% y My gv__ _ W (2.47)

~ 2cos Ow  cosOw
And so, the Higgs mechanism has endowed the W and Z bosons with mass starting from a gauge invariant
Lagrangian, through the spontaneous breaking of the electroweak symmetry SU(2), @ U(1)y.

Mw
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2.1.5 Yukawa Coupling

The fermion masses are generated by the Yukawa interactions between the Higgs doublet and fermions, represented
through the spontaneous symmetry breaking of SU(2)L x U(1)Y. The most general gauge-invariant Yukawa
Lagrangian for the 3 families of fermions takes the following form: [24]:

3
d)_ 0 = )50 )70 ¥
Ly, = Z [yj(.k)q?Léng + y;z)qu@ugR + y](»k)ljk(I)egR + y§k)le<bu,SR} + h.c. (2.48)
jk=1

where the superscript © refers to the fact that these fields are weak eigenstates, that is, they have defined gauge

transformation properties, with the element of each doublet transforming into each other under SU(2), and y( )

yj(z), yj( v (j,k =1,2,3) are arbitrary coupling constants. On the other hand, we also have:

o= (f) ;o =iret = ((’f) : (2.49)

After SSB, and as we know from equation (2.38)), in the unitary gauge, the Yukawa Lagrangian can be written
as [25]:

H _
Ly = <1 + U) {dLMddR 0 Moul, + 1) MY + h.c.} . (2.50)

Here d°, u° and [° denote vectors in the three-dimensional flavour space. The mass matrices are given by

(M) =o' 5 0 (M) =5 0 (M) =ul) 50 Gi=123) @S

The diagonalization of these matrices determines the mass eigenstates d;, u;, and [;, (with j = 1,2,3). The
three matrices M f can be written as

M;=H;U; = R}MfRfo , (2.52)
where Hf = /M fM} is a positive definite Hermitian matrix, and U, is a unitary matrix. Each H; can be

diagonalized by a unitary matrix R;. The resulting matrix M ; is diagonal and positive-definite. Thus, in terms of
the diagonal matrices, we have:

Mg = diag(mgq, ms,mp) , M, = diag(my, me,my) ,  M; = diag(me, my,, m;) . (2.53)

The Yukawa Lagrangian takes the following form [25]]

Ly = — (1 + ) {d./\/ldd +aMyu + l./\/lll} (2.54)
where the mass eigenstates are defined by the relations:
dp, = Rqd? | ugp = Ryu? , I, = RilY |
dr = Raldagd%, , ur = RUu% , Ip = R . (2.55)

2.1.6 Cabibbo-Kobayashi-Maskawa (CKM) Matrix and CP Violating

As mentioned in chapter (1} in the Standard Model, the Cabibbo-Kobayashi-Maskawa (CKM) matrix is a unitary
matrix containing information about the strength of weak interactions that change flavor. That is, it specifies the
difference between the quantum states of quarks when they propagate freely and when they participate in weak
interactions.

However, since uydy, = ﬂLRuSgd L, as in general R,, # Ry. The CKM matrix is defined [26],

V=R,R, = upd,=u,Vdy. (2.56)
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The 3 x 3 CKM matrix is unitary and appears in the charged current interactions of quarks:

3
Ecczﬁ QF | w1 —s)Vigdy + Y L —)l| +hep (2.57)

j l=e,p, 7

The matrix V' couples each up type quark to all down type quarks.

We have assumed that neutrinos are massless. In that case, we can always redefine the flavors of neutrinos
so that we eliminate the analogous mixing in the leptonic sector: POLI(L’ = vrS|l;, = vrly, and we have flavor
conservation. Note that if the u; or d; had degenerate masses, we could also redefine the fields, and there would
also be flavor conservation in the quark sector. If vy fields are included, Yukawa couplings for neutrinos could be
introduced, leading to a mass matrix (M, );; = yf;')v /+/2 and we would obtain leptonic flavor violation through a
mixing matrix analogous to the CKM. The next chapter will cover the phenomenon of neutrino oscillations, which
indicates that neutrinos have masses, albeit very small.

The masses of the fermions and the mixing matrix V' of the quarks are determined by the corresponding Yukawa

coupling matrices ygf ), which are free parameters. A general n x n unitary matrix is characterized by n? real pa-
rameters: n(n — 1)/2 moduli and n(n + 1)/2 phases. Several of these phases are irrelevant, as one can redefine
the phases of the fields (they are not physical): u; — e'®iu; and d; — e"id;, such that V;; — Vjjet(0i=9),
This means there are 2n — 1 unobservable phases. Therefore, the number of physical free parameters is reduced to

(n —1)%;n(n — 1)/2 moduli and (n — 1)(n — 2)/2 phases.

Thus, if only two generations are mixed, V' is determined by a single parameter, the Cabibbo angle,

B cosfc  sinfc
V= ( —sinfc  cosfc ) ’ (2.58)

If we now consider a mix of 3 generations, the matrix is defined as:

Vud Vus Vub
V= Va Ves Va | - (2.59)
Via Vis Va

It’s important to know how many independent parameters the CKM matrix contains; for three families of quarks,
it is a complex 3 x 3 matrix with 2 - 32 = 18 real parameters and from the unitarity condition:

Ve Vi Va N [ Vad Vas Vi
vViv=| vy vy vy Vea Ves Va | =1, (2.60)
v Vi i Via Vis Vi

we obtain 9 conditions that eliminate 9 of the 18 real parameters. Of the remaining 9 parameters, we can
parameterise the rotation angles with 3 real numbers; the remaining 6 parameters can be associated with the phases
of the quark fields, of which 5 phases are removable [27]], and V' can be parameterised in terms of 3 real rotation
angles 0;; and one phase 3. There are different (but equivalent) representations in the literature. The so-called
standard parameterisation is given by [4,/17]:

1 0 0 C13 0 sy3e s c12  S12 0
Vekm =1 0 ca3 523 0 1 0 —s12 c12 0 |,
0 —s93 cCo3 —S13€i613 0 C13 0 0 1
C12C13 $12€13 s13e” 013
= | —s12c23 — C12823513€01%  c1aco3 — S12803513€%013 $23C13 . (2.61)
512893 — C12C23813€"013  —C12803 — S12Co3813€1013 C23C13

where ¢;; = cosf;; and s;; = sinb,; (¢,j = 1,2,3). The angles 612, 013, and 63 can all be made to lie in the
first quadrant, through an appropriate redefinition of the phases of the quark fields. Thus, ¢;; > 0, s;; > 0 and
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CKM Value Source
[Vadl 0.97377 £ 0.00027 | Disintegration /3 nuclear
0.9746 £+ 0.0019 n — pe U,
0.9728 + 0.0030 7t = mlety,
0.97378 £ 0.00027 average
|Vaus| 0.2234 4+ 0.0024 K — nlTy,
0.2220 £ 0.0033 decay of 7
0.222670 65035 K*/nt = utv,, Vi
0.226 + 0.005 hyperion decay
0.2230 £ 0.0015 average
|Veal 0.213 £ 0.022 D — 7ly;
0.230 £0.011 vd — cX
0.227 +0.010 average
[Ves| 0.957 £ 0.095 D — Kly,
0.9419-35 W+ = s
0.974 £0.013 W+ —had., Vi, Vea, Vb
[Vep| 0.0392 £+ 0.0016 B — D*ly;
0.0417 4+ 0.0007 b — v
0.0413 £ 0.0006 average
V| 0.0039 £ 0.0006 B — 7l
0.0045 £ 0.0003 b — uly
0.0044 £ 0.0003 average
|v;b|/\/zq Vig|? >0.78 t— bW/qW
(Vi >068 ; <1 pp = th+ X

Table 2.3: Direct determination of the elements of the CKM matrix V;;. Taken from [4].

0 < 813 < 2. It should be noted that 413 is the only physical phase in the SM Lagrangian. Therefore, it is the only
possible source of CP violation [17].

Experimentally, only the moduli of V;; can be accessed. The table shows the values that have been deter-
mined directly.

2.2 Problem of Standard Model

The SM is one of the most successful scientific theories and has proven to be very useful for particle physics as it
explains many known phenomena. However, it has difficulties in explaining several problems, leaving some aspects
unanswered, such as:

* The origin and hierarchy of the fermion mass spectrum.

* The number of generations (flavor) in the theory is arbitrary.

* The origin of CP violation is a mystery.

* The asymmetry between matter and antimatter in the universe.
* It does not predict mass for neutrinos.

* It does not contemplate dark matter.

In this section, we will discuss only some of the SM problems: the hierarchy problem, the flavor problem,
and dark matter. In the case of neutrinos, we will discuss the general aspects since, in chapter [3] we will discuss
neutrinos in more detail.
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2.2.1 Hierarchy problem

In physics, we expect macroscopic behavior to follow from a microscopic theory. The microscopic theory is un-
likely to contain several free parameters that are carefully tuned to give the macroscopic system some special
properties.

What we want is for the theory on a low energy scale p; to follow the properties of a much higher energy
scale po without the need to tune the various parameters in the high energy theory to a precision of order py/po.
However, one parameter is allowed to be very small (of order p1 /pu2), provided that this property is not affected by
higher order effects [28]].

As mentioned above, the SM is a very successful description of particle physics, however this is at the weak
scale (~ 100 GeV). Therefore, if we have TeV-scale physics, we run into the hierarchy problem, where the following
question arises: why is the electroweak scale so much smaller than the Planck scale (~ 10 GeV)? The Higgs
vacuum expectation value v ~ 246 GeV gives the electroweak scale, the only dimensional parameter in the SM
[29]. However, the Higgs VEV is not naturally stable under radiative corrections. Suppose we consider radiative
corrections to the Higgs mass arising from its gauge boson couplings, Yukawa fermion couplings, and scalar self-
couplings. In that case, these corrections exhibit a quadratic sensitivity to the ultraviolet cutoff. Therefore, if the
SM were valid up to the Planck scale, the radiative corrections would push mj and the minimum of the Higgs
potential, v, to the Planck scale. To avoid this, one has to adjust the Higgs vacuum mass into the SM Lagrangian
by one part in 10*7 [29]], which is quite unnatural and is known as the hierarchy problem.

2.2.2 The flavor problem

ueV meV eV keV MeV GeV TeV
III"Iq I'IIIIIII'l ¥1||||!r' ll'lllll‘ IIIII|I1 III'!;!1 !Hl"l'[ Yliilﬂ‘ II'IHI'WI IKI'I!I‘ Iil“lq IIIIII'[ IIIIIII'I TIYIIl! IIIIII1 Illlllq Illlllll T T TTIm
: vy | . : Tb t
3+ : — b : : e A -
c ' : !
Qo : !
o . ) : : : s|L c
g2 2 : : = = 1
@ | : i
Q@ ! : :
! v : 2] EU d
1 ; g : yyvw —
IIIIHJ lIlIllIIl IIIIII!III IIIIIII‘ IIIIIII‘ IlllllinjI 4 IIIJIIl bl lII|: |lllnli llnlkla 11llllbd il Illxl!i |||IIlII IIIIIl‘ IIIIIIJ IlIIIIJ lllllllil L Ll
10® 10° 10* 10° 102 10" 10° 10" 10® 10° 10* 10° 10° 10" 10® 10° 10" 10" 10"

Mass (eV)

Figure 2.2: Schematic of the flavor “hierarchy” problem and the ”desert” in the SM mass spectrum at an electroweak
scale. From [1].

If we focus on the electroweak sector of the SM, we see that it has thirteen free parameters: three charged
lepton masses, six quark masses, three mixing angles, and one CP violation phase. Since all three neutrinos must
be massive beyond the SM [[1]], one has to introduce seven more free parameters to describe the flavor properties:
three neutrino masses, three mixing angles, and one CP violation phase if we assume Dirac neutrinos. However, if
the neutrinos were Majorana neutrinos, we would have to introduce nine extra parameters: three neutrino masses,
three mixing angles, three complex phases, the two Majorana phases, and the lepton CP violation phase. Therefore,
at least 18 degrees of freedom are in the low-energy flavor, raising the question: Why is the number of degrees of
freedom so large in the flavor sector?

In addition to this question, other questions arise related to the flavor problem, such as: What is the number
of fermion families? Why are there three fermion families and not another number? Why are the masses of the
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fermions so hierarchical and not of the same order? This can be seen if we express the fermion masses as a function
of the top quark mass and the Cabibbo angle [1,30,31]].

\0Amis| ~ Amy 5\ |Amy| ~ A my

me ~ Aomy 5 my ~mg ~ Amy,
5
Mg ~ My ~ A°my
me ~ Nmy oMy~ My~ Ay , (2.62)

sin 9%) ~X ; sin 9%? ~ A sin 95? ~ At

1 1 A
it~ 5 smi L ol 2
where \ = sin ¢ = 0.225 [1] and m, = 173.8 + 5.2 GeV [31].

To better understand the problem of the fermion mass hierarchy, a schematic of the six-quark, six-lepton mass
spectrum on the electroweak scale is shown (see Fig. ??), where a normal ordering in the neutrino mass spectrum
has been assumed. It can be seen that the difference between the neutrino masses m; and the top quark mass m; is
at least twelve orders of magnitude. Moreover, the ”desert” between the heaviest neutral fermion 3 and the lightest
charged fermion e~ spans at least six orders of magnitude.

2.2.3 Neutrino masses

For many years, neutrinos have been considered massless, however, through hard theoretical and experimental
work, it has been confirmed that neutrinos are massive, with a mass of the order of 10~ GeV. Thus confirming
Bruno Pontecorvo’s hypothesis [32] between 1998 and 2002 with the atmospheric and solar neutrino oscillations
experiments of the Super-Kamioka Neutrino Detection Experiment (Super-Kamiokande) [|10], the Sudbury Neu-
trino Observatory (SNO) [33]] and the Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) [13]]. But
this leads to the question, why are neutrino masses so small compared to those of charged leptons? This suggests
that the origin of neutrino masses should be studied.

However, unlike the origin of the masses of charged leptons, the nature of the neutrinos mass is unknown, since,
being neutral fermions, their masses can be Dirac or Majorana. These two mass terms are phenomenologically very
different because, in the case of Dirac, the lepton number is conserved. In contrast, in the case of Majorana, it is
broken into two units [34].

2.2.4 Dark matter

One of the main evidences that motivated the existence of dark matter was the speed of rotation of galaxies, since
according to the mass present in the galaxy, it will have a defined speed based on the radius according to:

Mm v?
2 — M-

G

v=4/—. (2.63)

Where we can see that the speed is proportional to v ~ % however, in the 70s, Vera Rubin among others [35]

found that the rotation speed of galaxies did not behave in the form %, but as the radius increased, the speed
tended to a constant, as can be seen in Fig. that is, M ~ 7, this means that the mass increases as the radius
increases, even if there is no light, so there is something with gravitational effects that does not emit or absorb
light, that is, dark matter (DM). This DM surrounds our galaxy, forming a dark halo (see Fig[2.3(b)) and containing
approximately 80% of the total mass of the galaxy. The above discussion is made by comparing the rotation of
the solar system according to its mass distribution, so it can be said that the mass distribution of the galaxy does
not have to be like that of the solar system. Therefore, the behavior of the galaxy does not have to be like that of
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(2) (b)

Figure 2.3: a) The relationship between rotation speed and distance is shown, where the red curve is the one
expected by theory and the white curve is the one observed. b) The dark halo surrounding a galaxy is observed,
showing that most of the matter in a galaxy is dark matter.

(b)

Figure 2.4: The figure shows the gravitational lensing effect, in which a) it shows how this effect occurs and b) it
shows when light coming from distant stars passes through several paths and a ring is observed.

the solar system. However, the existence of dark matter can also be inferred by the deflection of light from distant
galaxies, since the light from these galaxies is deflected due to the gravitational field of the dark matter cluster
between the Earth and the galaxy, being able to generate two images of the same galaxy (Fig. or even a ring
(Fig. 2.4(D)), this phenomenon is known as gravitational lensing.

Because of these observations and others, the existence of dark matter is accepted today, and particle physics is
trying to find an explanation. However, there are no clues about the nature of dark matter, whether it is fermionic or
bosonic. If we assume that dark matter is stable and only has gravitational interaction, there are several candidates
where we can highlight the weakly interacting massive particle or WIMP, however, they are still candidates since
observational data are needed to confirm or reject the dark matter candidate and among the methods of searching
for dark matter are direct detection, indirect detection and searching in colliders. A diagram of these methods is
shown in Fig. [2.5|however, in general terms, we can say that:

* Direct detection: Looks for a small recoil in atomic nuclei upon colliding with an incident dark matter
particle.

* Indirect detection: It is the detection of particles as a byproduct of the annihilation of dark matter particles.
Some of the byproducts are antiparticles, neutrinos and gamma rays.
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Colliders
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A

Direct detection

Figure 2.5: Different methods of searching for dark matter.

* Collider: This method is done in particle accelerators, such as the LHC, where it is hoped that colliding
known particles at high energies can produce dark matter particles.






Chapter 3

Neutrino Physics

Neutrinos are fundamental uncharged particles theorized in 1930 by Wolfgang Pauli [36]] to explain the apparent
energy loss and momentum of beta decay. However, this particle had to be massless, without strong or electromag-
netic interaction, so its discovery took more than 20 years until 1953 by Reines and Cowan [37]. However, in the
1960s [9], a discrepancy in the flux of solar neutrinos between what was predicted by theory and those detected by
experiments were discovered, leading to the idea that the flavors of the Neutrinos should oscillate and, therefore,
must have masses.

Bruno Pontecorvo was the first to propose neutrino oscillation in 1957 [38}/39], studying neutrino-antineutrino
mixing, similar to the kaon oscillation (K 0 FO), later, in 1962 Maki, Nakagawa and Sakata studied the oscil-

lation of the interaction eigenstates [40|] and then Pontecorvo expanded this idea of neutrino oscillation due to the
presence of massive neutrinos. However, it was not until the late 1990s that experimental evidence of the oscillation
of atmospheric neutrino was obtained by the Super-Kamiokande [|10]] and later, SNO and KamLAND measured the
solar neutrino oscillation [|13}33]].

3.1 Neutrino oscillation formalism

Because neutrinos are massive, they oscillate, where we can relate the mass and flavor eigenstates by a unitary
mixing matrix. If we define |v,) (With & = e, p1, 7) as the flavor quantum state and |v) (with k = 1,2, 3) as the
mass quantum state, we can write the state |, ) in terms of |;) using the following unitary transformation:

va) = Uni Vi) (3.1)

where U, is the Pontecorvo, Maki, Nakagawa, and Sakata (PMNS) matrix or lepton mixing matrix. For three
neutrino case, the PMNS can be commonly parameterized as the product of three different rotations,

1 0 0 C13 0 813(3_“SCP C12 si2 0 1 0 0
Upmns = [0 ca3 523 0 1 0 —s12 ¢z O |0 ei/2 0 ,
0 —s93 cCo23 S13 (—ei(SCP) 0 Cc13 0 0 1 0 0 e i2/2
C12€C13 C13512 s1ze 1o 1 0 0
Upmns = | —C23812 — €12513523€F  c1a¢03 — S12513523€"0 13523 0 e i/? 0 ;
$12823 — C12C23813€"0F  —C1a803 — C23812513€"°7  ci3ca3 0 0 eTia2/2

(3.2)

where c;; and s;; are the simplified ways of writing cos 0;; and sin 0;;, respectively, dcp is the CP violation phase.
In turn, o; and s are additional Majorana phases, which, for Dirac neutrinos, are equal to zero.

Let us consider the propagation of massive neutrinos in a space-time interval (x, t), where their propagator can
be represented as [41]]:

vaah)) = e [uy) (3.3)

18
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where P* is the energy-momentum operator. If we want to know the probability of a state |v,) — |vg), we must
obtain the transition amplitude,

Ava—w/s (zt) = <Vﬂ|’/a(m“)>

PP .t

Avo v (@) = (vple Va) (3.4)

Massive neutrinos have defined energy and momentum, so in the plane wave approximation, v is an eigenstate
of the operator P, i.e., P* |v;) = pli |vy), with:

Py = Ep = \/|pkl* + m} (3.5)

Therefore, replacing Egs. (3.1) and (3.5) in (3.3), the transition amplitude is expressed as:

Avg sy (1) = U BRFPETL g, (3.6)

9399

If we assume neutrinos propagate along the ’z” axis and are ultra-relativistic particles, i.e. py > my and = ~ ¢,
from Eq. (3.3)), we obtain the following approximations:
2 2 2
Ej; = pi +mg,
2 2 2
Ei = pi = mj,

2 2
my o my

Ey—ppr=—"—1= 3.7
A Y (3.7
Therefore, from Eq. (3.6),
—Ext +prL = —(Ex — pr)L
m2
~Ept+pl~— (L)L 3.8
Kkt + Pr ( Yo > (3.8)
So, our transition amplitude is expressed as:
2
—il k),
Ay, (L) = U2 Ugge (2E> (3.9)
The transition probability will be:
2
Pl/a%l//a (L) = "Aya‘)Vﬁ (L)‘
» ami I
Py (L) = UgpUprUa;Ujje () (3.10)

where Amy; = mj — mj is the squared mass differences.

3.1.1 Neutrino mass hierarchy

As we can see from the Eq. (3.10), the neutrino oscillation is sensitive to the squared mass differences and not to
the absolute value of the neutrino mass scale, which gives us two possible orders of hierarchy, known as normal
hierarchy (NH) and inverted hierarchy (IH). In Fig. 3.1 we can see the relationship between the absolute neutrino
masses (m; < my < mg), which we can represent as:

mi = mp, mg = /Mo + Amay, mg = \/mg + Amgy, (3.11)

where my is the absolute neutrino mass scale. This scale can be restricted according to current experiments, such
as cosmological observations, which put a limit on the sum of neutrino masses, whose value must be [42]

> m; <0.12eV. (3.12)

3
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Figure 3.1: The left side represents the Normal Hierarchy (NH), while the right side represents the Inverted Hier-
archy (IH). The probability that a neutrino mass state contains each of the flavors (v, v, v, ) is proportional to the
length of the respective color band.

For Majorana neutrinos, we can obtain an effective mass for the neutrinoless double beta decay (0v3/3), which
is proportional to:

Mee = > [maUek|, (3.13)
k

where Eq. (3.13) depends on the masses, mixtures and the CP violating phases. However, since this process has
not yet been observed, the absolute neutrino mass scale can be constrained, the current limit being [43]],

Mee < 50 meV. (3.14)

3.2 Neutrino mass

In the SM, neutrinos are massless since we only have Left-Handed (LH) neutrinos. However, as discussed above,
they do have mass due to the discovery of neutrino oscillation. Therefore, below, we will briefly review the main
methods to explain neutrino mass.

3.2.1 Dirac Neutrino

One of the options to explain the neutrino mass is to include massless Right-Handed (RH) neutrinos in the SM
and singlet neutrinos under the group SU(2);,. Thus, the neutrino mass can be generated in the same way as for
charged fermions by the Yukawa term:

~Lp =YVl dvr, + hec., (3.15)

where ¢ = ioo¢*. If neutrinos satisfy this solution, they are known as Dirac neutrinos, where the mass will be

proportional to:
v

However, this method does not seem natural, since for the neutrino mass to be within the experimental limits,
the coupling Y,, must be very small compared to the charged fermion couplings, with about 17 orders of magnitude

between the neutrino coupling and the top quark coupling.
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parameter \ best fit +10 20 range 30 range
Am3,[107%eV?) 7.501022 7.12-7.93  6.94-8.14
AmZ2,|[1073e¢V?] (NO) | 2.5510:02 2.49-2.60 2.47-2.63
31 0.03
|Am2,|[1073eV?] 10) | 2.457(02 2.39-2.50  2.37-2.53
sin® 012/107" 3.1840.16  2.86-3.52  2.71-3.69
012/° 34.3+1.0 32.3-36.4 31.4-37.4
sin® f3/107 (NO) 5744014 541599  4.346.10
f23/° (NO) 49.26 +£0.79 47.37-50.71  41.20-51.33
sin? fp3/10~" (10) 5.787019 541-5.98  4.33-6.08
023/° (10) 49.4610°50  47.35-50.67 41.16-51.25
sin? 013/10~2 (NO) 2.20075:099  2.069-2.337  2.000-2.405
613/° (NO) 8.537015 8.27-8.79  8.13-8.92
sin® 613/10~2 (10) 2.225T0050  2.086-2.356 2.018-2.424
013/° (10) 8.5870 17 8.30-8.83  8.17-8.96
§/m (NO) 1.08%513 0.84-1.42  0.71-1.99
§/° (NO) 194733 152-255 128-359
§/m (10) 1.58%518 1.26-1.85 1.11-1.96
§/° (10) 2847130 226-332 200-353

21

Table 3.1: Global fit for neutrino oscillation parameters. It is taken from Ref. [5].

3.2.2 Majorana Neutrino

Ettore Majorana constructed a mass term with only the LH component since the RH component can be written in
terms of the LH [?]:

Vi = Cy = o, (3.17)

where C' = iz, is the charge conjugation operator, then ¢ p = 1/1%. This means that Majorana particles are
their antiparticle. Therefore, we can write our field only in terms of ¢

Y =1L+ YR,
Y=+ f. (3.18)
Therefore, the Majorana mass term is:
1 c
—Lar = 3 (YL + h.c) (3.19)
However, the mass term is obtained through the Weinberg operator [44]],
1
oV = XLLHH, (3.20)
So, the Majorana Lagrangian is:
1 /- - -
~Lw = (lmb) y (¢Tl§j) +he. (3.21)

A is the new physics energy scale and Y;SM) is the Yukawa matrix. Therefore, the mass term after spontaneous
symmetry breaking will be:

m, = YM% (3.22)

The Weinberg operator respects the SM symmetry but generates a non-renormalizable theory. Thus, we have
an effective theory at low energy, and hence, ultraviolet completeness is needed.
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3.3 Seesaw Mechanism

The Seesaw mechanism was proposed in the 1970s, which attempts to explain the neutrino masses observed in
neutrino oscillation experiments [45]], which, as discussed above, are several orders of magnitude smaller than the
masses of charged quarks and leptons.

The literature describes several seesaw mechanisms, however, this section will discuss the mechanisms known
as Type I Seesaw and Inverse Seesaw.

3.3.1 Type I Seesaw
The type I seesaw mechanism includes right-handed singlet neutrinos under the SM symmetry (Ng). With this
extra field, one can create a Majorana mass term in the Yukawa Lagrangian, whose mass generation is given
according to the Feynman diagram in Fig. Then, for the single generation case, our Yukawa Lagrangian is:
. 1—
Ly =Y, I dNg + 5J\/ﬁ]\@]\fﬁ T he. (3.23)
where My, is the Majorana mass term for Np. After the symmetry spontaneous break, we find that:

1
~Ly =TLmpNi + 5 N MpNg + h.c.. (3.24)

If we introduce v = (v, N§) the Eq. (3:24) can be written in terms of matrices as,

1
—Ly = 5?Myl/c + h.c., (3.25)
where,
. 0 mp
M, = (mD MR) . (3.26)

The matrix (3.26) can be diagonalized by the following orthogonal matrix:

0_( cos f Sme), tan20 — 20 og0g = — MR (3.27)

—sinf cosf Mg’ /M12~2+4m2p'

After diagonalizing the matrix (3.26) we obtain the following eigenvalues:

1
miz =5 <MR F\/ M+ 4m2D> . (3.28)

In the limit M > mp, we obtain a light neutrino (v) and a very heavy one () with opposite CP-parities and
a very small mixing angle.

m, ~ my ~ %’; (3.29)
my >~ mo ~ Mg > m,, (3.30)

0~~/m,/my<1. (3.31)

We know that there are n = 3 generations of LH neutrinos [v;1, (¢ = 1,2, 3)] and there can be an arbitrary
number ng of RH fields [v;r (j = 1,...,ng]. The mass matrix is then the complex, symmetric and square matrix
(3 + TLR) X (3 + TLR)Z

_(0 mp
M, = (mD MR) (332)

where mp and My are matrices of ng X n and ng X ng, respectively.
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Figure 3.2: Feynman diagrams for a type I seesaw (a) and for an inverse seesaw (b).

Now, if we assume that mp is of the order of the electroweak scale and the scale of Mg is very high (of
the order of the grand unification scale, Mpr ~ 10'® GeV) we obtain n = 3 light neutrinos (v;) with masses
m, ~ (1072—1071) eV, which is just the correct order of magnitude to explain the tiny neutrino masses compatible
with oscillation experiments, and n g extremely heavy neutrinos (V;) that would play a crucial role in generating
the baryonic asymmetry of the universe from their non-equilibrium decays (leptogenesis). However, masses for
heavy neutrinos can be obtained on a lower energy scale, on the order of TeV, and for this we must consider smaller
Yukawa couplings (Y, < 1).

3.3.2 Inverse Seesaw

In the simplified case of the type I seesaw, it can explain the neutrino masses. However, this would be very difficult
to test since it would occur almost at the grand unification scale. A possible solution to this problem, different
from the one discussed at the end of the previous section, is the application of what is known as inverse seesaw
model [46]. This model introduces two Majorana fermion pairs to the SM, Ng, and St; (i,j = 1,2,3). These
fields transform as singlets under the SM gauge group and carry a lepton number of +1. Then, after electroweak
symmetry breaking the Lagrangian in the neutrino sector is given by

L, =mpUNg+ MNgrS + uStC™Sy + h.c., (3.33)

where mp and M are Dirac 3 x 3 matrices, while x4 is a Majorana 3 X 3 matrix breaking lepton number explicitly.
The latter can have a dynamical origin [45]. As usual, C denotes the charge conjugation matrix. The neutrino mass
matrix in the (vz, Ng, Sp) basis turns out to be

0 mp 0
M,=|m5L o0 M |. (3.34)
0 MY pu
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Taking the limit p1;; << (mD)ij << M;; (i,5 = 1,2,3) leads to a 3 x 3 matrix for light neutrinos given by

1 1

m, :mpﬂumm[). (3.35)

Note that the lightness of neutrinos could be associated only with the smallness of x, which is naturally pro-

tected from large radiative corrections by the U (1) ;,-symmetry of lepton number conservation, restored in the limit
p — 0in Eq. (3.33). Obviously, neutrinos become massless in this limit.

Since active neutrinos have masses in the sub-eV range, mp is found to be in the electroweak range, M in the
TeV range, and p in the keV range [46]. In this case, RH neutrinos can develop masses around the TeV range, and
their mixing with standard neutrinos is modulated by the relation mp M ~*.

The complete neutrino mass matrix given in the equation (3.34) can be diagonalized by the following rotation
matrix [47]:

R, R:R)  R,R?
RT RT _S 1 S 2
R= | -BiRIg, (SR LSRE | (3.36)
(RI-R}) (—1-8)p(1) (1A-8)p((2)
— 2R, 77 Ry 5 Ry

where: ) 1
S=—-M"! Ri~R;~ —mpM! 3.37
1 M, 1 2 ﬁm D ) ( )
and R,, Rg\lf and RE\? are the rotation matrices, which diagonalize the active neutrino matrix and the sterile neu-
trino matrices, respectively.






Chapter 4

Dark Matter from a Radiative Inverse
Seesaw Majoron Model

In the following chapters, we will analyze models in which we extend the symmetry of the SM and use low-scale
seesaw mechanisms to generate light-active neutrino masses. In each model, we will extend the symmetry and
the particle content of the SM, starting with a model with a minimal extension of the SM (this chapter) by adding
a global symmetry, then moving to an extension based on discrete and cyclic symmetry, and finally to a model
with a more complex SM extension, including several additional symmetries and fields. The neutrino masses are
generated in all models by implementing a seesaw mechanism, in two cases radiatively, and then we will analyze
the phenomenological implications in each model.

4.1 Intruduction

As discussed above, the SM does not explain the neutrino mass nor gives any clues about the dark matter content
in the universe. For these reasons, there are several proposals to explain these questions, where we can highlight
the extension of the SM symmetry and the implementation of the seesaw mechanism for the neutrino mass. In this
chapter, we propose a minimal extension to the SM symmetry by assuming a new symmetry U (1) x and the particle
content is extended by adding new scalar and fermionic fields, where we will study the scalar sector and analyze
the existence of a scalar and fermionic dark matter candidate.

In addition, the implication of model in processes that violate the leptonic flavor will be studied, where the
neutrino masses will be generated through a radiative inverse seesaw mechanism since the parameter p will be
generated in a loop. We will see if the model obtains values for the branching ratio for 41 — ey below the
experimental limits.

4.2 The model

We consider a model that adds to the SM, two complex scalars ¢ and 1 and six Majorana fermions vg, , Ng, and
Qpr, (k = 1,2). All these new fields are SU(2) gauge singlets and carry neutral electric charge. In addition, the
existence of a global U (1) x symmetry is assumed. This symmetry breaks down to a Z5 symmetry when the singlet
scalar gets a vacuum expectation value (vev) (o) = v,. Table shows the charge assignments of scalars and
leptons under the SU (2), ® U (1), ® U (1) y symmetry.

In fact, after electroweak symmetry breaking the unbroken symmetry is SU(3)c ® U(1) gy ® Z2 where Zo
turns out to be the symmetry that stabilizes the dark matter candidate of the theory. Schematically, the symmetry

26
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U@, 2 1 1 2 1 1 1 1
(1)Y 12 0 0 |-1/2 -1 0 0 0
Uy | 0 -1 1/2| -1 -1 -1 1 —1/2

Table 4.1: Charge assignments of scalar and lepton fields. Here ¢ = 1,2,3 and k = 1, 2.

breaking chain goes as follows,

G=SUB)c@SU(2),oU(1)y@U(1)x
vy

SUB)c®@SU(2), ®@U (1)y X 25
J ve
SUB)e @ U (1) ® Zs @.1)
where the Higgs vev is represented by (®%) = vg.
Given the charge assignments shown in Table [.T]we have that the singlet’s vev is invariant under the following
transformation, e27iX (o) = (o), where X is the U (1) x charge operator. This implies the existence of a residual

discrete symmetry (—1)2% € Z, surviving spontaneous breaking of the global U(1)x group. Therefore, to all

fields are assigned the corresponding Z,-parities (—1)2QX according to their U (1) x charges @ x in Table The
particles 7 and Qp, (k = 1,2) have odd Z,-parities and form the dark sector of the model.

4.3 Scalar sector

The scalar potential invariant under the symmetry group G is given by

2 2 2
Iz Ae I A H A
V(®,0,m) = **‘D@I? + *I‘Pl‘l - *\UIQ + *|0\4 + J\??IQ + l\??l‘l

+ M|@Plo + X @0 + Aslo?|nl* + —zon® + hec., (4.2)

ﬂ
where the quartic couplings A\, are dimensionless parameters whereas the 1, are dimensionful. In our analysis we
will impose perturbativity (A, < v/4m) and the boundedness conditions given in section

The singlet o and the neutral component of the doublet ® = (¢*, ¢°)T acquire vacuum expectation values
(vevs). Here the singlet’s vev v, is responsible for the breaking of the global U (1) x symmetry while the double’s
vev vg triggers electroweak symmetry breaking. Therefore we shift the fields as

%(U¢+¢R+i¢1)v o= (UU +(i%+ iaI) .

Evaluating the second derivatives of the scalar potential at the minimum one finds the CP-even, MI%, and CP-
odd, M?, mass matrices. The CP-even mass matrix M2 mixes ¢ and o and its eigenvalues correspond to the
squared masses of the physical scalar states. They are given by

¢° = 4.3)

1 A2 — Apv2
2 _ 2 2 olVs Vg
mhhhz = 5 ()\o-’l)a. + Aq;?}q) F (3()820) s (44)
where we identify h; with the 125 GeV Higgs boson, ve = 246 GeV, and the mixing angle 6 fulfilling
2 -
tan 20 = 1007 (4.5)

Ao¥2 — Apv3,
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Moreover, the flavor and physical bases are connected through out the following relations,

or = —hisinf + hycosb,
ORr hicos@ 4+ hysiné. 4.6)

The CP-odd mass matrix M? has two null eigenvalues. One of them corresponds to the would-be Goldstone boson
which becomes the longitudinal component of the Z-boson by virtue of the Higgs mechanism. The other one is
the physical Goldstone boson resulting from spontaneous breaking of the global U(1)x symmetry, similar to the
singlet Majoron model in Ref. [45]]. Notice that given that this Goldstone is an SM singlet, it is invisible, and its
phenomenological impact in the model is not dangerous. It includes any cosmological manifestations. Let us also
stress that the mass of this field is non-vanishing, at least due to the well-known quantum gravity effects. It can also
gain mass due to non-perturbative QCD effects in an extended version of our model in which the fields in the quark
sector have non-trivial U (1) x assignments entailing a mixed (SU(3)¢)?U (1) x-anomaly. This is what defines our
Majoron model variant. The masses of Z5-odd scalar components 7 = g + i1y turn out to be

1

m = pup+ 3 (A2v3 + A3v2) + f1as, 4.7
1

m2 = ufl + 3 (/\211‘21> + )\31)3) — l4Vg, (4.8)

. . 2
where the mass splitting of these two components can be recasted as 14 = (m2,, —mg,)/(2v,). Note that 71y and

nr are degenerate when 4 — 0. Here, the lightest of these two components, nr and 7;, can be the stable dark
matter.

4.3.1 Boundedness Conditions

The boundedness conditions of the scalar potential in Eq. (#.2)) are derived assuming that the quartic terms dominate
over at high energies. In order to do so, we define the following bilinears,

a =[P b=|o]* ; c=n, 4.9)

)

and rewrite the quartic terms of the scalar potential. Then, using the expressions in Eq. (4.9) one gets

Vq = 2 \/ — A b Apa — A/ A C \/ — /A C /\1—|—\/)\<p>\
+(A2 + Vs, )ac + (Ag + VAo Ay )be — 5(AM + Ayc?). (4.10)
Following Refs. [48,49] the boundedness conditions of the model turn out to be,

Ao = 0 A20 3 Ay >0 .11

A+ VA > 0 /\2+\//\<1>/\7720 ; /\3+\//\U)\7IZO 4.12)

\%

4.4 Neutrino sector

Using Table[d.T] the invariant lepton Yukawa Lagrangian is given by

s 3 3 o 2 2
_gg) = ZZ( LLJRJ -I-ZZ (7 mLLVRk ZZ MR, N,

i=1 j=1 i=1 k=1

2 2 2 2
+ZZ(yN)nkNRnQRk +ZZ Yo nkQRTLQRkO+hC

n=1k=1 n=1k=1
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where ¢¢ = C’ET and ® = io,®*. After spontaneous symmetry breaking (SSB), the neutrino mass matrix has the
form,

O3x3 mp O3x2
Ml, = m% 02><2 M 5 (413)
02><3 MT 2

where mp is the tree-level Dirac mass term
(%
mp).. = (Y).. —, 4.14
( D)zk: (y )lk\/i ( )

withi =1,2,3 and £ = 1, 2. The submatrix p in Eq. (4.13)) is generated at one-loop level,

2 2 2 2 2

(yn) sk yN p T m; . n Mg \ My, In my, @.15)
Z 1672 m2 _ — m?2 m2 m2 —m2 m2 ’ ’
k=1 Qp Qg Qp Qi

with s,p = 1,2. The Feynman diagram of p is depicted in Figure @.I] One can see from Eq. @.13) that the p

X
1
1
1
N e
> L7 Sso
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Figure 4.1: One-loop Feynman diagram contributing to the Majorana neutrino mass in Eq. (4.13).

term vanishes when the scalars ny and n; are degenerate. This implies that neutrino masses go to zero in the limit
w— 0.

Then one has that active light neutrino masses are generated via an inverse seesaw mechanism at the one-loop
level. Physical neutrino mass matrices are given b

M, = mp(MT)" uM~tmd, (4.16)
1 1

M) = 5(M+MT) S 4.17)

M) = %( +MT)+%M. (4.18)

Now MV is the mass matrix for active light neutrinos (v,), whereas MLE_) and M£+) are the mass matrices for
sterile neutrinos. From Eq. (.16) one can see that active light neutrinos are massless in the limit ;. — 0 which
implies that lepton number is a conserved quantity. Egs. and (@.T8)) tell us that the smallness of the parameter
w4 (small mass splitting) induces pseudo-Dirac pairs of sterile neutrinos.

From Eq. (.16), one can see that a sub-eV neutrino mass scale can be linked to a small lepton number break-
ing parameter 4 which depends on the Yukawas y3, yo and the masses of the particles running in the loop
(Mg, My, , mq). This parameter is further suppressed by the loop factor, see Eq. . Figure shows the
allowed parameter space regions for fixed Yukawa couplings y and masses of the Z5-odd Majorana fermions €.
Each plot is generated using Eq. , varying the masses (M, My, ), fixing mq and yxn. Then, from left to
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Figure 4.2: Parameter space fulfilling —10 keV < p < 10 keV, for the DM masses indicated above each plot.
The color in each plot, from light to dark, represents yy = 0.01,0.05 and 0.1, respectively. Here we assume that
mgq, 3> mgq. The discontinuity appears when a degenerate mass spectrum is reached in Eq. (#.15).
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Figure 4.3: Diagrams (a)-(g) are relevant for the freeze-out of §). The diagram (h) is relevant for direct detection,
with N representing the nucleons. Here to simplify notation we have used o to denote either of (h, ha, X).

right, Figure shows the parameter space that fulfills —10 keV < p < 10 keV in the (my,, , m,, )-plane, consid-
ering mq = 100, 500, and 1000 GeV, respectively. In all panels, y = 0.01,0.05, and 0.1, the smaller the Yukawa
value, the lighter the region. The discontinuity appears when the mass spectrum in Eq. is degenerate.

As we have mentioned, the dark sector is formed by the Zs-odd particles, see Table @ The dark matter
candidate of the model is the lightest component of either the singlet scalar 1 or the Majorana fermion 2. The
phenomenological consequences of having the lightest component of the scalar singlet 1 as dark matter candidate
is similar to what have been discussed in Refs. [?,|50453|]. For this reason, in what follows we discuss only the
constraints and projections of the model for the case in which the DM candidate is the Majorana fermion (2.

4.5 Fermion Dark Matter

For simplicity, we consider the case in which yq in Eq. is a diagonal matrix and assume that Qg, is the
lightest Z2-odd state. That is, 2, is the fermion DM candidate accounting for the 80% of the matter content of

IThe diagonalization of the neutrino mass matrix in Eq. can be followed from Ref. [47]
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the universe. According to the Planck collaboration the DM relic abundance is [?]
Q.h* = 0.1200 £ 0.0012 at 68%C.L. (4.19)
In our setup the Lagrangian providing the relevant interactions of ), is given by
L D yn,NrQ%x,n+yo, Uk, Q%0 + hc. (4.20)
After SSB Eq. (#¢.20) becomes
L D (yn1 NrQSpn + h.c.) + ma1QQ + yo1 QQ(—hy sin @ + ha cos 0) + Ya1iy°Qy, 4.21)

where mq, = yglvg/\/?. We have defined Q = (21r)¢ + Qir, Ng = (—Ng + N}g)/\/i and x = o7.

Taking into account the assumptions above, the relic abundance of 2 is determined by the annihilation channels
shown in Figure Given that € is the DM candidate of the theory then mq < (mny, Myy, My, ). In this case,
the main annihilation channels are those s-channels depicted by diagrams (a), (b) and (c) in Figure [4.3] We further
simplify the analysis by considering that the annihilation channels mediated by the Higgs via the dimensionless
parameters Ao and A3 are subleading. That is, we set Ao = A3 = 0. Therefore, the independent parameters to be
used in the numerical analysis turn out to be (1mq, My, My, May, MNg, YN Y0y 5 0).

Let us note that in this inverse seesaw model, the Majorana dark matter candidate can interact with the atomic
nucleons at tree-level. For this reason, our model gets restricted by direct detection constraints. As a matter of
fact, these constraints come from the ¢-channel exchange of h; and hy shown by Figure (h). Then, here the
spin-independent (SI) tree-level DM-nucleon scattering cross section is, approximately, [54}55]]

2
Samymd, 1 1
~ in 20)? 422
a0 471_1](21) (mQ + mN)2 2 (yﬂl S ) I ( )

> —
mhl mh2

where m y denotes the nucleon mass and the nuclear elements f,, ~ 0.27. The approximation given in Eq. (4.22)
does not take into account the finite width of both Higgs scalars, although the outputs of this expression match the
numerical results from Micromegas code v5.3.35 [56] which do include these finite widths.

4.5.1 Analysis and results

In what follows, we compute the relic abundance of the Majorana fermion 2 assuming freeze-out mechanism, the
direct detection via non-relativistic scattering, and indirect detection prospects today. For our calculation, we make
use of Micromegas code v5.3.35 [56].

As mentioned, here we explore the case where A\; # 0, A2 = A3 = 0. Therefore, the contribution to the relic
abundance coming from the annihilation of 2 into SM particles happens only via the Higgs portal associated to
A1. The left panel in Figure shows the relic abundance of ) as a function of yq, for mgq = 200 (solid blue)
and 500 GeV (solid greed), assuming mp, = 120 GeV and § = O.IH This benchmark considers yy = 0.1,
My, = 2000 GeV, m,, = 2001 GeV and my = 300 GeV (these parameters will be fixed to such values from now
on). The limit of the DM relic abundance given in Eq. @.19) is represented by the red dashed line. One can see from
Figure [.4] that the relic abundance has a strong dependence on the DM mass and the parameter y. For a small
Yukawa coupling yo < 1072 and mgq > my, the process 20 — NN is kinematically allowed and dominates
over the other annihilation channels. In the case of mq < my, the leading contributions to the relic abundance
are those processes which involve the fields (%, k1, ho) (diagrams b and ¢ in Figure . In such a case, the relic
abundance turns out to be inversely proportional to y3. For this reason, as shown on the left-panel in Figure
the solid blue (green) curve decreases when the value of Yukawa increases. It is evident that, for a given yq, the
relic abundance grows as the DM mass decreases. This behaviour is expected since Qqh? is inversely proportional
to the annihilation cross section which depends on the center-of-mass energy of the colliding non-relativistic DM
particles, i.e. s ~ 4m%. Here, we are focusing on the case of small doublet-singlet mixing 6, i.e. < 0.1. For
this reason, the DM relic abundance turns out to be “’blind” to this parameter and is completely determined by the

2Collider searches of additional scalars restrict the doublet-singlet mixing angle to be 8 < 0.2 [57]
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Figure 4.4: Left-panel: Relic abundance as a function of yq for mg = 200 and 500 GeV. Here we have set
mp, = 120 GeV and 6 = 0.1, with the rest of the parameters specified in the text. Right-panel: Direct detection
cross section as a function of my,, and different combinations of (mq[GeV], tan §). The horizontal red and orange
lines are the current DD upper limits for each value of mgq, whereas the grey curves are the XENONNT projections.
The solid curves depicted here fulfill the correct relic abundance.

interaction of fields belonging to the dark sector (namely, x and/or h2). The DM annihilation channel into a pair of
X is always present unless further assumptions are made to suppress it.

In contrast to the situation previously described, the DM direct detection given by the SI cross section oq,
Eq. (4.22), is sensitive to the values of the doublet-singlet mixing . This is shown by the plot on the right-hand
side of Figure 4.4 where o, is depicted as a function of the mass of second CP-even scalar my,, (considering
mgq = 200 and 500 GeV, and each case with § = 0.1,0.01). The blue and green curves represent the points in the
parameter space fulfilling the correct relic abundance while the red, yellow and gray dashed horizontal lines cor-
respond to the experimental limits provided by XENONIT [58] and LUX-ZEPLIN (LZ) [59], and the projections
by XENONNT [60], respectively. From Eq. (4.22)) one can notice that the cross section rests on the existence of a
mixing between the scalar doublet ® and the singlet o. This dependence can be observed from Figure 4.4 which
shows the sensitivity of the cross section to # variations. Furthermore, we can see that when the CP-even scalars h;
and ho are (semi)-degenerate, i.e. mp, ~ mp,, there is a numerical cancellation that generates the inverted peak
in the SI cross section. This allows to elude the experimental bounds when h and hs are close in mass. Another
possibility to relax the experimental constraints, including the one coming from XENONnNT, happens by shrinking
the value of doublet-singlet mixing as depicted in Figure .4} This parameter space limit is reached, for instance,
when lepton number gets broken at energies much higher than the electroweak scale.

Let us note that this model is characterized by the presence of the process QQ — xhj 2, with h; » decaying into
SM particles [54]. These s-wave processes are velocity independent channels not present in other models [?/51]] and
give good prospects for indirect DM detection especially when x is a pseudo-Goldstone boson, i.e. m,, # 0. For
this reason, we look into regions of the parameter space where the processes ) — Xh1,2 dominate the DM annihi-
lation and provide the limits coming from the Alpha Magnetic Spectrometer (AMS) experiment as well as the future
sensitivities of the Cherenkov Telescope Array (CTA) experiment. For convenience, we assume m, > mp, /2 so
that the decay he — 2y is kinematically disallowed. In this way, the DM candidate does not annihilate primarily
into invisible channels.

Using Eq. (4.6), one can express the hy branching fraction into SM particles as [61]],

(4.23)

BR(hs — SM) = sin2 0 [W}

Ftot

where I'(he — SM) corresponds to the partial decay width of the scalar boson ho (with mass my,,) into SM states,
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and the total decay width is given by
Dot = sin? 0 x TSM 4 T(hy — 2h1) + T(hy — 29) + T(hy — 2x). (4.24)

Here IT'SM corresponds to the total decay width of ho into SM states [62]. For simplicity, we focus on the case in
which mp, < 2mgq. Furthermore, in order to assure observability, via ho decaying into SM particles, we assume

m, 7 0 as well as my, < 2m,. Therefore, the third and fourth terms in Eq. (4.24)) are not present in our study.

Taking into account the considerations previously stated, we perform a numerical analysis. Figure shows
the predictions for indirect detection signals coming from the DM annihilation into a pseudo-Goldstone  and hs.
The CP-even scalar subsequently decays into SM particles, see Eq. (4.23). Then, the DM annihilation would be
QQ — xhy — xSM. The assumed thermal value 2 x 1072 cm® /s< (00) g, p,, < 3% 10720 cm® /s is depicted
by the red region at the top of each panel in Figure. The left-panels consider mg = 200 GeV for § = 0.1
and 0.01, while the panels on the right take mg = 500 GeV for the same values of 6. In all panels, the Yukawa
coupling is ¥y = 0.1, and the dark scalar and pseudoscalar masses are fixed as m,,, = 2000 GeV and m,,, = 2001
GeV, respectively. The solid blue (green) line corresponds to the DM matter annihilation into bb (W W ™). The
dashed blue horizontal line is the upper bound of AMS-02 [63]] for DM annihilation into bb, whereas the dashed
green horizontal one represents the future sensitivity of CTA [64] in the W W~ channel. We also consider the
bound projected by CTA for DM annihilation searches with W+ W = in the final state assuming a gNFW profile
with a slope parameter v = 1.26 [64]. Figure includes direct detection bounds at fixed # and DM mass. The
dark orange is the exclusion region coming from the LZ results on DD searches. The light orange area represents
the future sensitivity of XENONnNT. Therefore, only the light orange and white parts in each panel are allowed by
current DM direct detection constraints. In addition, the dark gray area in the left panels of Figure {.5] satisfies
Mp, > 2m, and is then forbidden. This is because we are working under the assumption that mp, < 2m, or
My = 2mgq — myp, > 2/3mg, i.e. hy does not decay into 2x. This guarantees that the fermion DM candidate €
annihilates into observable modes.

Figure [4.5] shows the parameter space fraction that CTA would be able to test in the future by looking for
W*W ™ products. One can see that the CTA projections do not reach the model predictions if the DM density
distribution follows an Einasto profile. On the other hand, if the DM posses a gNFW profile, CTA searches could
prove masses my, 2 150 GeV. In addition, we have that AMS-02 data impose parameter space restrictions over

the parameter space from DM annihilation into bb searches. Notice that, as expected from Eq. (4.22)), the direct
detection constraints get weaker when the singlet-doublet mixing takes smaller values.

4.6 Charged Lepton Flavor Violation

In this section we analyze charged lepton flavor violation (cLFV) processes present due to the mixing between
active and heavy sterile neutrinos. Here we focus in the one-loop decays I; — ;v whose branching ratios are given
by [65H67]]

ad, s2,m?
BR(l; » l;7) = —C WL |G, (4
’ 256m2mi Ty Y
3 * m2 2 m?\f
Gy = S ([0-RRYO]), (1= R0, Gy (T ) +2 ) (1), (), 6, ( -
k=1 w =1 w
10 — 43z + 7822 — 4923 + 1823 In z + 4z*

Gole) = 12(1—2)* ’

where I'), = 3 x 10719 GeV is the total muon decay width, U, is the matrix that diagonalizes the light neutrinos
mass matrix which, in our case, is equal to the Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrix since the
charged lepton mixing matrix is equal to the identity U, = I. In addition, the matrix R is given by

R= %mBM’l, 4.27)

25)

9@
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Figure 4.5: Parameter space restrictions from direct and indirect dark matter. The thermal value of (0v)gq _,j,, is
given by the red band on top of the plots. It is assumed that hy decays into either bb (blue solid line) or W+ W~
(green solid line). The dashed blue horizontal line represents the latest bound on the DM annihilation cross section
into bb from AMS-02. The green dashed and dotted-dashed are the projected sensitivities of CTA depending on the
DM profile. The dark and light orange areas correspond to the LZ exclusion region and the future sensitivity of
XENONRNT, respectively. The dark gray area in the left panels satisfies m, > 2m, and is then forbidden.

where M and mp are the heavy Majorana mass matrix and the Dirac neutrino mass matrix, respectively. We pro-

vide in section[4.6.1]all assumptions made for computing R in Eq. #.27). Table[4.3|contains the benchmarks points
used to compute 1 — e7.

Then, feeding Eq. (@.23) with the values of the dimensionless parameters and masses given in Table 3] one
gets the following branching fractions,

BR (1 — ) ~2.02 x 107*% and BR®) (1 — ey) ~ 1.13 x 10713, (4.28)

where (a) is for mg = 200 GeV and (b) is for mg = 500 GeV.

Figure shows the correlation between the branching ratio BR (i — ev) and the mass of the lightest RH
Majorana neutrino Nr. One observes that the branching ratio decreases as the mass of N increases. In both plots,
the red horizontal line and the shaded region represent the latest experimental constraint provided by the MEG
collaboration,

BR (1 — 7)™ < 4.2 x 10713, (4.29)



4.6. CLFV 35

8.x107" 8x107"
MEG-2016 limit ; MEG-2016 limit

& 6 TS
T T
< 4 e 4107 trigy — 500 GeV'

2. 2107

200 400 600 800 T 1000 oo 400 e0 800 1000
M, [GeV] My, [GeV]

(@ (b)

Figure 4.6: Branching ratio BR (1 — e7y) as a function of the mass of the lightest RH Majorana neutrino Ng. The
shadowed region is excluded excluded by MEG [2]]. The black star corresponds to the prediction of the best-fit point
of the model, for mga = 200 GeV (left-panel) and mq = 500 GeV (right-panel). The green points are compatible
with current neutrino oscillation experimental limits at 30. The orange point are out of the 30 range and, hence,
excluded by neutrino oscillation data.

The black stars in Figure [f.6] correspond to the branching ratio predicted, Eq. (#.28), by the best-fit points
of the model for mqo = 200 GeV (left-panel) and mq = 500 GeV (right-panel). The scatter plots come from
a random variation of the dimensionless parameters up to 30% around the best-fit value. The green points are
compatible with current neutrino oscillation experimental limits at 30. One can see that neutrino oscillation data
restrict the lightest RH neutrino mass to be in the range 436.9 GeV < my, < 996.5 GeV for mg = 200 GeV,
and 204.5 GeV < mpy, < 649.9 GeV for mgo = 500 GeV. All orange points are out of the 30 range and, hence,
excluded by neutrino oscillation data.

4.6.1 Benchmarks for ;1 — ey

The cLFV process jt — e7y is computed using Eq. (.26) and taking as inputs the model outputs that minimize the
x? function given by,

2 (ex 2 (th 2 2 (ex 2 (th 2 ex h 2 ex h 2
9 [Amm( P Amm(t )} [Amm( P Amsl(l )} |:S'E] P 55; )} {581})) - 5814
Y2 = — T — +>° — + — , (4.30)
Am2, Am2, i<j Sij dop

where s;; = sinf;; (with 4, j = 1,2, 3), écp is the leptonic CP violating phase, the label (th) are used to identity
the model outputs, while the ones with label (exp) correspond to the experimental values, and o, represent the
experimental errors. Table [£.2] shows best fit values and 1o — 30 intervals reported by neutrino oscillation global

fits El

Observable | Am2,[107°eV] Am%[10~%eV] sin®01/10~"  sin®f3/10° 1 sin®613/10~2 Scp/°

Best fit 10 7.5070 22 2.5570 02 318+0.16  574+0.14 22007998 19472
30 range 6.94 — 8.14 2.47 — 2.63 271 -3.69  434—6.10  2.00—2.405 128 — 359

Table 4.2: Neutrino oscillation parameters from global fits [5]].

In order to compute all neutrino oscillation parameters we perform a random scan of the free parameters in
the lepton sector and make assumptions about the flavor structure of the Dirac mass matrix m p, and the Majorana
matrices M and y in Eq. @I3). Using the Casas—Ibarra parametrization [70], the matrix mp in Eq. @#14), reads

3Table correspond to normal neutrino mass ordering. The inverted mass ordering can be consulted in [5]. For other fits of neutrino
oscillation parameters we refer the reader to Refs. [68][69].
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as follows [70H75]],
_ Y Vo

V2

where Upyns = U, J U,, mm, = diag(mi, ms, m3) is the diagonal neutrino mass matrix and R is a rotation matrix
given by,

mp = Upmns (mu)1/2 Ru=2M , (4.31)

0 0
R=| cosf sind | with 6 €][0,2n]. (4.32)
—sinf  cosf

The matrices M and p are assumed to be diagonal,

. M1 0 . 1251 0
M( 0 M2> andu( 0 s ) (4.33)
For the matrix M in Eq. {.33) we varied M; within the range 100 GeV < M; < 1 TeV and considered
My = 10M;, where M, is the mass of the lightest RH neutrino, M; = my,. In the case of the y matrix we
used Eq. (.15) to compute 1 and assumed po = 10p;. This matrix depends on yx, mq, m,,, and m,,. Then,
following the study made in section[4.3] we analyze two situations: one with DM mass of mq = 200 and the other

with mgo = 500 GeV. In both cases, the Yukawa y was varied in the range 1072 < yn < 1 and the masses of the
Z5-0dd scalars were fixed to

My = 2000 GeV, my, = 2001 GeV. (4.34)

We also take the charged lepton mass matrix as a diagonal matrix, i.e. M; = diag(m., m,, m.), which implies

UPMNS = U,, iIl Eq. @

Table [4.3) shows the dimensionless parameters that minimize the x function in Eq. (4.30) and that are used to
compute 1 — ey, Eq. (4.26). The best fits of the model, for mgq = 200 GeV and mg = 500 GeV are presented in
Table 4.4

Dimensionless parameters (a) Dimensionless parameters (b)
Yy, = 0.0109e1-57 | Y = 0.012461‘491: Ypy, = 0.005256_1‘5? Yugy = 0.017761‘5721‘4
Yorp = 0.0105¢ 131 |y, = 0.0808¢" 7™ Yorp = 0.0151e~ 159 |y, = 0.00424e! 1
Yvay = 0.0270e7" |y =2.04 x 1072 Yy = 0.0166e!57 | yy =1.22 x 1072
Ynyy = 0.0463¢1561 | § = 1.303 rad Yyy = 0.0354¢~ 1580 | § = —4.98 rad

Table 4.3: Dimensionless parameters used to compute BR(11 — ey) compatible with neutrino oscillation data.
Case (a) considers mgq = 200 GeV and case (b) is for mq = 500 GeV.

Observable | pikeV] my,[GeV] Am2[10-%¢V2]  Am2,[10%eV2] sinf5/10-" sin65/103 sin6f)/10-1 §0.(°)

Best fit case (a) | —0.562 700.5 7.53 2.51 3.53 2.11 5.66 195.3

Best fit case (b) | —0.4099 401.3 7.50 2.55 3.25 2.22 5.64 174.8

Table 4.4: Best fit values of the model. Case (a) considers mg = 200 GeV and case (b) is for mgo = 500 GeV.






Chapter 5

Phenomenological of extended multiHiggs
doublet models with S; family symmetry

In this chapter we propose extended 3HDM and 4HDM models where the SM gauge symmetry is enlarged by the
inclusion of the Sy X Zs x Z, discrete group and the scalar and SM fermion sectors are augmented by several
scalar singlets and right-handed Majorana neutrinos, respectively. We employ the S family symmetry because it
is the smallest non abelian group having a doublet, triplet and singlet irreducible representations, thus it naturally
accommodates the number of fermion generations of the SM. This non abelian discrete Sy group yields viable lep-
tonic and quark mass matrices that allow to successfully fit the experimental values of the charged lepton masses,
neutrino mass squared splittings, quark and leptonic mixing angles and CP phases. This is due to the fact that
three families of left-handed leptonic doublets can be grouped into a Sy triplet irreducible representation, whereas
two generations of quark doublets are unified in a S4 doublet, and the remaining one is assigned as a Sy singlet.
Given that the quark sector is more restrictive than the lepton sector as the physical observables associated with
the former are measured with much more experimental precision than the ones corresponding to the latter, more
degree of flexibility is needed in the quark sector. Because of this reason, in this work, the two generations of quark
doublets are unified in a S4 doublet and the remaining one is assigned as a S4 singlet, whereas the three generations
of left-handed lepton doublets are grouped in a S triplet. This makes the choice of the .S4 group in this work more
convenient than S5 or A4. Other non abelian discrete groups will either be larger than S, or will only have doublets
and singlets in their irreducible representations. The S4 discrete group [[76H101] has been shown to provide a nice
description for the observed pattern of SM fermion masses and mixing angles.

In here, the masses of the light active neutrinos are produced by a radiative seesaw mechanism at one loop level
mediated by right-handed Majorana neutrinos and electrically neutral scalars. All gauge singlet scalars will be part
of S, triplets, excepting one scalar field, which in the extended 3HDM is assigned as trivial Sy singlet. The gauge
singlet Sy triplet scalars are needed to yield a viable texture for the neutrino sector consistent with the experimental
data on neutrino oscillations, whereas the right-handed Majorana neutrinos are the fermionic mediators participating
in the radiative seesaw mechanism that produces the tiny masses of the light active neutrinos. In addition, the .S,
and Z, discrete groups are spontaneously broken, whereas the Z5 symmetry is preserved, thus preventing tree
level masses for light active neutrinos and allow them to appear at one loop level. Furthermore, the preserved Z,
symmetry ensures the stability of fermionic and scalar dark matter candidates as well as the radiative nature of
the seesaw mechanism that produces the tiny active neutrino masses. The Z, discrete symmetry distinguishes the
different generations of right-handed charged leptonic fields and is needed to yield a nearly diagonal charged lepton
mass matrix, so that the leptonic mixing will mainly arise from the neutrino sector. This reduces the number of
lepton sector model parameters and suppresses the flavor changing neutral scalar interactions in the charged lepton
sector.
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5.1 The models

Our proposed models are extensions of the 3HDM and 4HDM theories based on the S; family symmetry. In
the first model, which corresponds to an extended 3HDM theory, an electrically neutral gauge singlet scalar field
odd under a preserved Z5 discrete symmetry is introduced to generate light active neutrino masses via a radiative
seesaw mechanism at one loop level mediated by two right handed Majorana neutrinos. In the second model,
which corresponds to an extended 4HDM theory, there is no such gauge singlet inert scalar in the particle spectrum,
however one of the scalar doublets is inert and allows a successful implementation of a radiative seesaw mechanism
that produces the tiny active neutrino masses. These two models have the same common feature in both quark and
lepton sectors. Furthermore, we have included the gauge singlet scalars in non trivial representations of the Sy
discrete group in order to build the neutrino Yukawa terms invariant under the S; symmetry, necessary to give rise
to a light active neutrino mass matrix consistent with the neutrino oscillation experimental data.

5.1.1 Model 1

Model 1 is an extended 3HDM theory where the tiny active neutrino masses are generated by a radiative seesaw
mechanism mediated by right handed Majorana neutrinos Nyr (kK = 1,2) and a gauge scalar singlet ¢, charged
under a preserved Z5 symmetry. The preserved Z; symmetry ensures the stability of the dark matter candidate and
prevents the appearance of tree-level active neutrino masses. Furthermore, this setup allows to have an one loop
level scotogenic realization of active neutrino masses where the lightest of the seesaw mediators corresponds to
a dark matter candidate, whose stability is guaranteed by the preserved Zs symmetry. Moreover, a Z, symmetry
is needed to yield a nearly diagonal charged lepton mass matrix thus allowing to have a predictive pattern of
lepton mixing, which will be mainly governed by the neutrino sector and to suppress flavor changing neutral scalar
interactions associated with the charged scalar sector. In this setup the rates for flavor changing leptonic Higgs
decays, as well as the ones corresponding to charged lepton flavor violating decays, can acquire values smaller than
their experimental upper limits. The particle assignments with respect to the symmetry group are summarized in
Table[5.1] but for clarity of the notation let us write explicitly the field content. Our proposed models are consistent
with the Sy x Z5 x Z4 discrete symmetry, as indicated in Tables I and II. The scalar fields in model 1 have the
following Sy X Z5 X Z, assignments:

E[ = (51752)N(2,0,0), EgN(ll,O,O), @N(ll,l,()),

X = (X1,x2,x3) ~ (32,0,0), n = (m,n2,m3) ~ (32,0,0), p = (p1,p2,p3) ~ (32,0,0),
2. = (20,03, 00)) ~ (3,0,-1), 0, = (200, 2, oY) ~ (32,0, -2).
o, — (¢§1>,¢>§2>,¢>§3>) ~ (35,0,0). (5.1)

where Z; (i = 1,2, 3) are SU(2) scalar doublets, whereas the remaining scalar fields are SM gauge singlets. The
low energy scalar potential for the active Z; (i = 1,2,3) SU(2) scalar doublets is shown in Appendix As it
will be shown below, the charged lepton Yukawa terms in models 1 and 2 are the same and give rise to the same
mass matrix for charged leptons. In this work, motivated by the alignment limit, we consider the scenario where
vg >> v; = vg, provided that the quartic scalar coupling values are very similar. Here v; corresponds to the
vacuum expectation value of the neutral component of the =; scalar doublet. In the scenario v3 >> vy = vo, the
charged lepton mass matrix is nearly diagonal and has a negligible impact in the leptonic mixing parameters, thus
implying that the PMNS leptonic mixing matrix mainly arises from the neutrino sector. It is worth mentioning that
three Sy scalar triplets, i.e. x, 1 and p, which do acquire different VEV patterns (as indicated below) are introduced
in the neutrino sector in order to generate a viable light active neutrino mass matrix that will allow to successfully
reproduce the current the measured neutrino mass squared splittings, leptonic mixing parameters and leptonic Dirac
CP phase. Having only one Sy scalar triplet in the neutrino sector, would imply a VEV pattern, which will not be a
natural solution of the minimization conditions of the scalar potential for a large region of parameter space. On the
other hand, the three families of right handed leptonic fields as well as the three S scalar triplets ®., ®, and ®,
will be distinguished by their Z4 assignments, thus resulting in a nearly diagonal mass matrix for charged leptons.
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lq gL ur usr dg dsp | I hLr br br Nie|EZ1 T3 ¢ x n p O P, @
SUB)c | 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SU2). | 2 2 1 1 1 1 2 1 1 1 1 2 2 1 1 1 1 1 1 1
Ul)y | ¢ &+ 2 2 -1+ —32|-1 -1 -1 -1 o0 |2 2 0 0 0 0 0 0 O
S, 2 1, 2 1, 2 1; |3 1; 1, 1, 1. ]2 1. 1; 32 32 32 31 31 3
Zy 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 O 0 0
Zy 0 0 0 0 0 0 0 1 2 0 0 0 o o o o o -1 -2 0
Table 5.1: Fermion and scalar assignments under the group Sy X Z5 X Z4 for model 1.

lar @z ur usr dr dsgp | Iy Lr br lsg Nig [E1 B3 Z4 x n p @ O, @

SUB)c | 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SU@2)L | 2 2 1 1 1 1 2 1 1 1 1 2 2 2 1 1 1 1 1 1
Ul)y | ¢ &+ 2 2 1+ _1/-1 -1 -1 -1 o |+ 12 1 0 0 0 0 0 O
Sy 2 1 2 1 2 1 31 1 1 1 1 2 17 1z 32 32 32 31 31 31
Zy 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 O 0 0
Zy 0 0 0 0 0 0 0 1 2 0 0 0 o o o o0 -1 -2 0

Table 5.2: Fermion and scalar assignments under the group Sy X Z5 X Z4 for model 2.

The fermionic fields in model 1 have the following assignments under the S4 X Zs X Z,4 discrete group:

. = (qiL,q2r) ~ (2,0,0), g3z ~ (11,0,0), dr = (dir,d2r) ~ (2,0,0),
up = (uir,u2r)~(2,0,0), usr ~ (11,0,0), dsr ~ (11,0,0),
Il ~ (31,0,0), lig ~ (12,0,1), lag ~ (12,0,2) l3r ~ (12,0,0),
Nig ~ (12,1,0), Nap ~ (12,1,0). 5.2
As shown in Appendix [5.8] the following vacuum expectation value (VEV) configurations for the Sy triplets scalars
() = vy (0,0,1), () = 5 (1,1,0), (o) = & (1,-1,0), (53)
() = ws,(1,0,0), (Pu) =ve, (0,1,0), (®r) =ve, (0,0,1). (5.4)

are consistent with the scalar potential minimization conditions for a large region of the parameter space. These
VEV patterns given above, similar to the ones considered in [[100}102]], allows us to obtain a viable pattern of lepton
masses and mixings as it will be shown in the following sections of this article.

With the above specified particle content, the following Sy X Z5 X Z4 invariant Yukawa terms arise:

Ly = y{@ir (E1dar +Z2dir) + Gor (E1dir — Z2dor)] + ¥4 [G12.23d1 R + G21.E3dor] + Y5 (@101 + G20E2] d3r

+yi@sr [E1dir + Zadar) + Y2 G3rEadar + i [(Im (§1U2R + ézum) + GoL (§1H1R - Ezquﬂ

+y3 [QlLEsum + §2L53U2R} +y3 {@LEl + QQLEQ} UsR + YL B3I {Eﬂtm + EQUQR] + Y5 3. E3usR
!

_— Yhr = iy zhy ah s
IE3lor®, + =21 E3l3r®r + 12 1lirPe + —Z{LE[l2r P, + XlLdllsR‘I)r (5.5)

l l
Nr = L)
+211230 g Pe + A A A

A A
- e v R X
N)7 = N)7 = N)y; =
+ Zyik )ZLZSNkRﬁ + Zyék )legNkRp + Zyék )lLdstRF
k=1 k=1 k=1
- = v TN = v XP o = N PP ~T ~T
+3 eV ILE Nk + > as I ErNur s + Zasgf,j)lLE,NkRF +mn, Nig NG, + mu, Nop NG, + hec.

A A2
k=1 k=1 k=1

5.1.2 Model 2

Model 2 is very similar to model 1 (though they differ in the form of the scalar potential as discussed later), the
particle assignments can be seen in Table [5.2] The only difference is the lack of the inert gauge singlet scalar
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field, which is replaced by an inert scalar doublet =, which triggers a radiative seesaw mechanism at one loop
level to generate the tiny masses of the light active neutrinos. The inclusion of the inert scalar doublet in model 2
allows to have four dark scalar fields which will open the possibility of having co-annihilations during the freezout,
that makes annihilations of the dark sector more effective when the scalar masses are very similar, thus yielding
regions of parameter space consistent with the Planck limit of the dark matter relic abundance as well as with the
experimental constraints on direct detection. This will be shown in detail in section [5.10] where the numerical
analysis indicates that the case of the inert doublet, corresponding to the model 2 is more favoured than the one of
the inert singlet of model 1 since the allowed region of parameter space consistent with the dark matter constraints
is larger in the former than in the latter. This, together with having a radiative mechanism of active neutrino masses
where the lightest of the seesaw mediators is identified with a dark matter candidate, provides a motivation for
considering model 2. The neutrino Yukawa terms in model 2 have the form:

2 2 2
—[:gf) = Z y;lg)ZLElekR%—FZ yég)fLE4NkR%+Z yég)ZLE4NkR%+mN1 NlRNlcR—i-mNzNgRNZCR—Fh.C.
k=1 k=1

k=1
(5.6)
5.2 Lepton masses and mixings
5.2.1 Neutrino sector
The neutrino Yukawa interactions of model 1 are:
2 2
—ﬁgf()l) = Z (Yl(,iv) + Y;,?”) U1LeNkr + Z (Yl(;iv) - Yg(év)) VarwNgr
k=1 k=1
2 [— [
+ 3 Y TsoNkr + my, NipN + my, NapNgy + hoc 5.7
k=1

where:

Ny =
Y(N) _ Y3k UxV=s

(N)v V= (N)v e
Y(N) _ Y1k Unl=s Y(N) _ Yo " VpUzy _ Y3 UxV=s
3k 2 )

V2A

1k = 7 g9Az 2k oAz k=1,2

Then, due the preserved Z, symmetry the light active neutrino masses are generated from at one loop level
radiative seesaw mechanism. The light active neutrino mass matrix in model 1 has the form:

N N\ 2 N N N N N N N
) (Yl(k = YQ(k )) (Yl(k = YQ(k )) (Yl(k ) Y2(k )> Y3(k ) (Yl(k )+ Y2(k )> ;

- N N N N N N2 N N N
m, = Zf k <Y1(k '+ Y2(Ic )) (Yl(k )~ Y2(/c )> (Yl(k ) - YQ(k )> Ys(k ) (Yl(k )~ Y2(l~c ))

k=1 N N N N N N N\ 2
Ys(k ) (Yl(k Vo Yz(k )> Y})(k ) <Y1(k )~ Yz(k )) (YB(k )>
w2 WX cosp WY cos(p—o)
= WX cos X2 XY cosp (5.8)
WY cos(p —0) XYcosp Y?

where the loop functions f; (k = 1,2) are given by:

m?2 m?2 m2 m?
fr = mN;; 2 - 7—In ;OR T2 i 5— In ;{” ) k=1,2, (5.9)
1672 | m2, —m%, (LA M — M, "N

P



42 CHAPTER 5. EXTENDED MULTIHIGGS DOUBLET MODEL

and the effective parameters W, X and Y, ¢ and g fulfill the following relations:

" )VT}‘ B 22: <Y1(]£V) +Y$)>2f}€ ’ W= ((Y( )+Y2(1 ) it (Y1(2N) +Y22N)) \/JT?) cosp = ‘;}}Hﬁ’
k=1

b
I

=y
I

Mw

(VN e, X = (7 ) VI (v V) VE). contio

=
Il
—

XY

2
2
Y:‘?‘: S (0) e Y = (A VRYEVE) COSQZW. (5.10)
k=1
On the other hand, the neutrino Yukawa terms of model 2 can be rewritten as follows:
2 2 2
L Y () B 0 (o~ o) Een + Y VT E e
+mn, NieNG + mn, Nap NS, + hec. (5.11)
where the effective neutrino couplings have the form:
(N) _ yig)vn (N) ygj)”p (N) _ y:(sjij)”x
z , z = , z === k=1,2. 5.12
1k VoA 2% Vo7 3k A (5.12)

Due to the preserved Z5 symmetry, the mass matrix for the light active neutrinos is radiatively generated and is
given by

() () (0 ) (0 ),

2
_ s N N N N N N N
my = ka (zik) +Z( )) (Z§k) Zék )> (Zik) - Zék )) Zi(ik) (ZLC) (k )>
k=1 N) [ (N N N) [ (N N N
25 (ng) + 28 )> 2y (Zik) 25 )) (Z:(sk )>
w2 WX cose WY cos (¢ — o)
= WX cos g X? XY cosp (5.13)
WY cos (¢ —0) XYcosp y?

where the loop functions ﬁ (k =1, 2) take the form:

2 2 2 2

_ m4o M0 Mo Mo

fk - ;TéNl; l H AR . h]( I;4R> _ § H4[ 5 1n< §4I>] , k = 1727 (514)
XS

Ho Ny My, Mo, = Ny,

and the effective parameters W, XandV,  and p fulfill the following relations:

=
(407 0) R = (7)o () V) V) comem B

=
Il
—

=
I
=l
I
Ml\'}

= =
F=[7] =S () e R = (0 )WVR (- AOWE) st o= B
k=1 ‘W’ Y

t
=l
o
=l

|
Mm

(5.15)

( (N)) fk, ?:( y.V) f17Y32 \/?2), cosp =

=
Il
—

=<l
=
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Observable range | Am3; [107%eV?]  AmZ, [1073eV?]  sin 952/10’1 sin 0%13)/10*3 sin 0%)/10*1 (5(61.)13(
Experimental lo 7.5070 50 2.55%0°07 3.184£0.16 220070005  5.74+£0.14 1947
Value 30 6.94 — 8.14 2.47 — 2.63 2.71 - 3.69  2.000 —2.405 4.34—6.10 128 —

Fit 1o — 20 7.53 2.55 3.21 2.19 5.75 18(

Table 5.3: Model predictions for the scenario of normal order (NO) neutrino mass. The experimental values are
taken from Ref. [5]]

Mee [meV]

0.8 0.30 032 0.34 0.36
sin? 0y,

Figure 5.1: Correlation between the solar mixing parameter sin® #,, and the effective Majorana neutrino mass
parameter m.. (red). The green bands represent the range 1o in the experimental values and the dotted line (black)
represents the best experimental value.

Models 1 and 2 yield the same light active neutrino mass matrix as shown by Eqs. (5.8) and (5.13), where it
follows that our model yields a neutrino mass matrix texture different than the one corresponding to the cobimax-
imal pattern. The obtained neutrino mass matrix successfully reproduces the neutrino mass squared differences
i.e, Am%l and Amgl, the mixing angles sin? 012, sin? 023, sin? 013 and the leptonic CP violating phase, whose
obtained values are consistent with the neutrino oscillation experimental data, as indicated in Table @ We suc-
cessfully reproduced the experimental values for these observables through a fit of the free parameters of our model,
finding the “best-fit point” by minimizing the following x? function:

exp th\?2 exp th\?2 exp  th \2 exp _ _th \2 exp _ _th \2 exp th \2

Y2 = (le — m21) (m31 — m31) + (5912 5912) + (3923 5923) + (8913 8913) + (6CP B 6CP)
v 0-2 0-2 0-2 0-2 0.2 0.2 ’
ma21 m31 S12 523 S13 5

(5.16)

where m;; is the difference of the square of the neutrino masses (with ¢ = 2, 3), sg,, is the sine function of the
mixing angles (with j, k = 1,2, 3) and d¢ p is the CP violation phase. The superscripts represent the experimental
(“exp”) and theoretical (“th”) values and the o are the experimental errors. Therefore, the minimization of x? gives

us the following value,
X2 = 0.0531. (5.17)

Where the numerical values of our effective parameters of the mass matrices of Eqs. (3.8) and (5.13) that

minimize Eq. (5.17) are:

W=Ww

0.0616eV ; X =X=0.174eV ; Y =Y =0.158¢eV
p—p = 173rad ; p=0.670rad, (5.18)

Since the structure of the matrices (3.8)) and (3.13) are the same and we are working with the effective values
and not with the input parameters, we obtain the same values for both parameters as well as for the x? function.
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]:et us note that W, X and Y are effective parameters in the neutrino sector for model 1, whereas W X and
Y correspond to model 2. The analytical dependence of the effective neutrino sector parameters on the input
parameters is different in both models since the dark scalar sector of models 1 and 2 has an inert scalar singlet
and an inert scalar doublet, respectively. Notice that there are five effective free parameters in the neutrino sector
of both models that allow to successfully accommodate the experimental values of the physical observables of the
neutrino sector: the two neutrino mass squared splittings, the three leptonic mixing angles and the leptonic Dirac
CP violating phase.

Furthermore, in our model, another observable can be obtained. This is the effective Majorana neutrino mass
parameter of the neutrinoless double beta decay, which gives information on the Majorana nature of the neutrinos.
This mass parameter has the form:

Z Ugiml/i
1

where U,; and m,,; are the matrix elements of the PMNS leptonic mixing matrix and the light active neutrino
masses, respectively. The neutrinoless double beta (Ov33) decay amplitude is proportional to me.. Fig.
shows the correlation between the effective Majorana neutrino mass parameter m.. and the solar mixing parameter
sin 012, where the neutrino sector model parameters were randomly generated in a range of values where the
neutrino mass squared splittings and the mixing parameters are inside the 30 experimentally allowed range. As
seen from Fig. our models predict a solar mixing parameter sin 615 in the range 0.27 < sin® #1, < 0.37 and an
effective Majorana neutrino mass parameter in the range 3.2 meV < me. < 4.4 meV for the scenario of normal
neutrino mass hierarchy. The current most stringent experimental upper bound on the effective Majorana neutrino
mass parameter, i.e., m.. < 50 meV arises from the KamLAND-Zen limit on the 36X, 0vj33 decay half-life

T10/l/2ﬁ (136Xe) > 2.0 % 1026 yr [[103].

) (5.19)

Mee =

5.3 Quark masses and mixings.

From the Yukawa interactions of Eq.(5.3), the quark mass term is given by

—Ly = qrL (Mq)ij g;r + h.c. (5.20)
where the quark mass matrix is explicitly written as
aq + b, by Cq
M, = by ag—b, cy| (5.21)
fq T z; Yq

with the ¢ = u, d. The quark matrix elements are given by
aq = ygv?ﬂ b; = inrUQa bq = Z/(11U17 Cq = ygvla C; = Z/g,v% fq = yzvla fé = yZUQ; 9q = Z/gv3(522)

These free parameters are reduced substantially by imposing an alignment of the vacuum expectation values, in
particular, v; = v9 which is a solution of the scalar potential with three Higgs doublets with assignment (2, Eg) ~
2 and =3 ~ 1; [[104}/105]]. In consequence, ¢, = cfl and f, = f(;. On the other hand, these mass matrices are
complex and can be diagonalized by the unitary matrices U,z ry and Ug(z, gy such that

M, = diag. (mq, ms,my) = Ul MqUgg, M., = diag. (mu, me,m;) = Ul M, Uyg.  (5.23)

To simplify our analysis we consider a particular benchmark scenario where the matrices M,, and M, are
symmetric. Therefore, we have
aq + by by Cq
M, = by ag—0by ¢4 . (5.24)

In addition, we make the following rotations U, = U, /4u,(z, r) so that Mq = diag. (mgq, , Mg,, Mg, ) = u;Lmq UyR.
Then, we obtain

0
m, =U MUy y= (b, By Cy|, Uppy= 0], (5.25)
1

=gl
osksh-
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where A, = aq — bg, By = a4 + by and Cy = ﬂcq. As one can notice, the phases can be factorized as
m, = P,m,P, with

[Agl 1] 0 e’ 0 0
mg = | [bg] [Bg| |Cql |, P, = 0 e 0 ) (5.26)
0 1Cql gl 0 0 e*as
where
arg.(A arg.(B arg.(gq)
Ny = %7 Tga = %7 Mlas = 7 L gy g, = arg(by), gy + g = arg.(Cy)  (5.27)

Then, u,;, = P,O, and uyr = POy, here O, is an orthogonal matrix that diagonalizes the real symmetric

mass matrix, my. Thus, we get Mq = Oquqoq. The real orthogonal matrix is given by

\/(gq|mq1)(quAql)(mquqD \/(|9q|qu)(mq3Aql)(lAqmql) \/(m43|gq)(qu|Aq)(Aq|mq1)

Mgy Mgy, Mg
o _ \/<|quq>(gq|mq1)(Aq|mq1) \/(gq||Aq>(gq|mq2)(mm|Aq|) \/ugqAq|>(mq3|gq)(mq3|Aq)
a o MCIl M[IQ M‘13
\/(9q|_qu)(mqg_|9q)(|Aq|_mq1) _\/(9q|_mql)(mq2_|Aq)(mq3_|gq) \/(|gq_mq1)(|gq—mqg)(mqg—AqD
Mgy M, qu
(5.28)
with
My, = (94 = [A4]) (Mg, —my,) (Mgy —my,)
Mg, = (94 = [Aq]) (Mg, —my,) (Mmgy —my,)
MQ3 = (‘gq| - |AQ|) (mQ3 - mlh) (mQS - mQQ) . (529)

Actually, there is a hierarchy which has to be satisfied, this is, mq, > |gq| > mq, > |A4] > mg,. Having
obtained the relevant matrices that take place in the CKM matrix, we have that Vo = UL L Uar = Off’qu
where P = PP, = diag. (¢, ez, €3 ) with 7, = N, — 1u, -

In short, we have considered a benchmark where the quark mass matrix is complex and symmetric so that the
free parameters are reduced a little bit. At the end of the day, the CKM mixing matrix has seven free parameter
namely |g,|, |A,| and three CP-violating phases. Nonetheless, two effective phases are relevant in the CKM matrix
as we can see in the Appendix [B] These free parameters must be fixed by a statistical method.

Finally, we compare the theoretical CKM mixing matrix with the standard parametrization one to get the fol-
lowing formulae

sin 913 = |ngbKM y
Vcb
sin923 = —| CKM N
1= [Vl
VuS
sinf, = M. (5.30)

1= [Veherl?

Therefore, to fit our quark sector parameters, we again minimize the x? function (defined in similar way as
Eq. (5.3)). However, this function has now been defined with only the quark mixing angles and the Jarlskog
invariant, as follows,

2 2 2 2
2 _ (o —500)" (s —500,)" (st —800,)" | (J&® = J3")
Xq = 0_2 + 0_2 + 0_2 + 0_3 )
q

(5.31)

S12 523 813

I'See Appendix [B|for more details about the diagonalization process of the quark mass matrices.
pp g p q
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Observable | Model value Experimental value
sin 19 0.224 0.22452 4 0.00044
sin 03 0.0433 0.0418270 50052
sin 013 0.00360 0.00369 + 0.00011

J, 3.32x107° | (3.057013) x 10°°

Table 5.4: Model and experimental values of the CKM parameters. The experimental values are taken from Ref.
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Figure 5.2: Scatter plot between the effective model parameters for the quark sector.

where sg, is the sine function of the mixing angles (with j,k = 1,2,3) and J, is the Jarlskog invariant. The
superscripts represent the experimental (“exp”) and theoretical (“th”) values and the ¢ are the experimental errors.
So, after minimizing xi, we obtain the following result:

X = 0.470, (5.32)

while the values of the free parameters of (5.28) that yield the result of the x? of Eq. (5.32) and correspond to
the best-fit point of our benchmark scenario are

|A,] = 0.0190GeV ; |A4|=0.00832GeV ; |gu|=113.6GeV
lg)f = 180GeV ; |ag|=0.651rad ; |3,/ =6.98rad, (5.33)

where the best-fit values of the quark mixing angles and the Jarlskog invariant together with their corresponding
experimental values (within the 1o range) are shown in table[5.4]

Fig. [5.2] shows a scatter plot between the effective parameters of our model for the quark sector, whose de-
pendence can be seen in Appendix For all parameter values shown in Fig. [5.2] the mixing angles in the
quark sector can be reproduced within the experimental range, where we obtain the following ranges of val-
ues for each observable: 2.23 x 107! < sinfp < 2.26 x 1071, 3.99 x 1072 < sinflay < 4.44 x 1072,
3.30 x 1073 <sinfy3 <4.01 x 1072 and 2.73 x 107° < J < 3.63 x 1071,
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5.4 Meson mixings

In this section we discuss the implications of our model in the Flavour Changing Neutral Current (FCNC) interac-
tions in the down type quark sector. These FCNC down type quark Yukawa interactions produce K° — K°, B] — BY
and BY — BY meson oscillations, whose corresponding effective Hamiltonians are:

3
H)=D" w5 (1) O (), (5.34)
=1
3
Hefy = Z“(Bd) )07 (), (5.35)
3
HTD =D w7 () 057 (), (5.36)
j=1

In our analysis of meson oscillations we follow the approach of [106}[107]. The K° — K°, BY — BY and B? — B?
meson oscillations in our model are induced by the tree level exchange of neutral CP even and CP odd scalars, then
yielding the operators:

OgK) = (ngL) (ERdL), O( ) — (SLdR) (ELdR), O(K) (SRdL) (ELdR), (5.37)
OB = (dpby) (drbL) | OV = (drbr) (drbr) 057 = (drbr) (drbr)(5.38)
O = (srbr) (5rbr), O = (51br) (51br) . O = (3pbr) (51br), (5.39)

and the Wilson coefficients take the form:

2 2 2 2
Lir0= _ _
H(K) . HgstL + Z ngstL . xA%SRdL (5 40)
1 = 2 2 2 .
Mo — Mo Mo
2 2 2
&) _ THYspdR ‘THOsLdR TQos5,dp 541
A jtn  Aazede | (5.41)
mHé) n=1 mHg mA(v)L
2
(k) _ THISRdLTHSLdR JﬂHOeRdLl”HOsLdR xA“stLonsLdR 542
/€3 = m2 + m m ) ( B )
HY n=1 HY A
2 9 2 2
To7 T 05 T4 =
K(Bd) o HngbL +Z ( HOdeL B A%d}{b[,) (5 43)
1 - 2 2 2 ’ B
My n=1 My a0,
2 9 2 2
T4 o= T4 o= T4 =
(Bd) o HgdLbR HgdLbR A%dLbR
R = dbe 0 dubn _ _A3d 7 (5.44)
Mg n=1 \ "y Mag
_ _ 2 _ _ _ _
(Ba) LHYdrbr, VHYd bR THOdrb, VHOdbr  TA0drb, TAOd bg
K3 = P +Z 2 B 2 ' (>45)
mHg n=1 mH?L mAgL
2 2
(Bs) HostL ﬂ’3HOstL L A0S Rby, 5.46
Ky = —5—+ E - 2 ) (5.46)
Mg o mHO M40
2 2 2 2
Tiro= X — THho=
Bs HOSLbR HOSLbR AOSLbR
Ry’ = R g | e - Lasn ) (5.47)
Hg n=1 Hg A?l

2 ; (5.48)

2
(Bs) IH§§RbLzHg§LbR+Z THYspbr VHS bR TASSRbL TAYSLbR
)
Hé’ n=1 mHBL mA?z
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Figure 5.3: a) Correlation between the Amp, mass splitting and the CP even scalar mass m HY» b) between the
Amp, mass splitting and the CP even scalar mass m mY» ©) Correlation between the Amp, mass splitting and the
CP even scalar mass mo, d) between the Amp, mass splitting and the CP even scalar mass m HO-

where we have used the notation of sectionfor the physical scalars, assuming H. 9 is the lightest of the CP-even
ones and corresponds to the SM Higgs. The K — K, B} — BY and B? — B? meson mass splittings read:

Ampy = AmgM) + Am%vp), Amp, = Am} SM) + Am (NP) Ampg, = AmSBSSM) + Amg\jp),
(5 49)

(SM), AmSM) (SM) correspond to the SM contributions, while Ay (NP) , Am B, P) and

where Am mp, and Amp
Am(BJZ ) are due to new physics effects. Our model predicts the following new physics contributions for the i — K,
BY — BY and B? — BY meson mass differences:

Am§) = 2 e Bremac [R50 470 (559 4 50)] (5.50)
8
Am3 =313 g, Bo,mp, [PORPD 4 1P (WP 4 nP0)] (5:51)
Amsi,NP) fB ne,Bp.mp, [réB ») (B ) + rg (KEBS) + I{ng))] . (5.52)
Using the following numerical values of the meson parameters 114]:
(AMNK) oy (3.484 4 0.006) x 10~2 MeV, (Amg)gy = 3.483 x 10712 MeV
fx = 155.7MeV, Bk = 0.85, nK = 0.57,
P = _93, r{%) = 30.6, mx = (497.611 +0.013) MeV, (5.53)
(Amp,)y, = (3.334+0.013) x 107" MeV, (Amg, )gp; = (3.653 £ 0.037 £ 0.019) x 107° MeV,
fB, = 188MeV, Bg, = 1.26, nB, = 0.55,

) <Bd> =0.88, mp, = (5279.65 + 0.12) MeV, (5.54)
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(AMB,) exp (1.1683 £ 0.0013) x 10~% MeV, (Amg,)gy; = (11577 £0.022 £ 0.051) x 10~ MeV,
fe. = 225MeV, Bg, = 1.33, ne, = 0.55,
r{B) = _052, r{Be) = 0.88, mp, = (5366.9 + 0.12) MeV. (5.55)

where the experimental values of the meson masses are taken from [108H114]], whereas those corresponding to the
bag parameters from [3}/114]]. Furthermore, the values for the r,(CK) s r,(ch)
from [106].

Fig.[5.3p and Fig. [5.3p display the correlations between the Am p, mass splitting and the CP even scalar masses
myo and m o, respectively. On the other hand, Fig. and Fig. display the correlations between the Am g,
mass splitting and the CP even scalar masses m o and m yo, respectively. As seen from these figures, the obtained
values for the meson mass splittings feature a small variation of less than 10% in the considered ranges of CP even

and CP odd scalar masses. In our numerical analysis, for the sake of simplicity, we have consider the couplings

and r,(CB‘*) (k = 1, 2) parameters are taken

of the flavor-changing neutral Yukawa interactions that produce the (BY — EZ) and (K% — FO) oscillations of the

same order of magnitude and we perform a random scan over the Yukawa couplings and scalar masses. We find
that the couplings of the flavor-changing neutral Yukawa interactions that produce the (B — EZ) and (K° — ?0)

meson mixings should be of the order of 10~# and 10~ respectively, in order to successfully comply with meson
oscillation constraints. Furthermore, we have varied the masses around 30% from their central values obtained in
the scalar sector analysis shown in the plots of Fig. [5.4] As indicated in Fig. [5.3] the experimental constraints
arising from (BY — Eg) and (K° — FO) meson oscillations are successfully fulfilled for the aforementioned range
of parameter space. We have numerically checked that in the above described range of masses, the obtained values
for the Amp, mass splitting are consistent with the experimental data on meson oscillations for flavor violating
Yukawa couplings equal to 2.5 x 1074,

5.5 Oblique 7, S and U parameters

The extra scalars affect the oblique corrections of the SM, and these values are measured in high precision ex-
periments. Consequently, they act as a further constraint on the validity of our model. The oblique corrections
are parametrized in terms of the three well-known quantities 7, S and U. In this section we calculate one-loop
contributions to the oblique parameters 7', .S and U defined as [115H117]]

Maa (02) — T+ (02 i dllz (¢
ro- s (¢%) 11 gq ) ’ S — 2sin 20y dllso gq ) , (5.56)
apn(Mz)My, |2 opm(Mz) —dg® gy
4sin? dllss (¢?)  dlli (g2
7 = sin“ Oy 33 gq ) B 11 gq ) (5.57)
apyv(Mz) dq dq 42=0

where TIy; (0), I3 (0), and Il3o (¢*) are the vacuum polarization amplitudes with {W !, W}, {W2 W32} and
{Wj’, B,,} external gauge bosons, respectively, and ¢ is their momentum. We note that in the definitions of the T,
S and U parameters, the new physics is assumed to be heavy when compared to My, and M.

In order to simplify our numerical analysis we restrict to the scenario of the alignment limit where the neutral
CP even part of the SU (2) scalar doublet =3 is identified with the 126 GeV SM like Higgs boson. We further
restrict to the region of parameter space where the neutral CP odd and electrically charged components of =j
correspond to the SM Goldstone bosons. In that simplified benchmark scenario, the non SM physical scalar states
relevant at low energies will arise from the =; and =5 scalar doublets. We further assume that the gauge singlet
scalars acquire very large vacuum expectation values (VEVs), which implies that the mixing angles of these fields
with the Z; and =9 scalar doublets are very small since they are suppressed by the ratios of their VEVs (assumed
that the quartic scalar couplings are of the same order of magnitude), which is a consequence of the method of
recursive expansion proposed in [[118]]. Because of this reason, the singlet scalar fields do not have a relevant impact
in the electroweak precision observables since they do not couple with the SM gauge bosons and their mixing
angles with the neutral components of the scalar doublets are very small. Therefore, under the aforementioned
considerations, in the alignment limit scenario where the 126 GeV Higgs boson is identified with the CP even
neutral part of =3, the oblique 7', S and U parameters will receive new physics contributions arising from the
electrically neutral and electrically charged scalar fields arising from the SU(2) scalar doublets Z; and Z5. The
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oblique 7', S and U parameters have been computed in the framework of multiHiggs doublet models in [T 19H121].
Then, the contributions arising from new physics to the 7', S and U parameters in model 1 are:

1 2 2 2 2 2

T = 6rapn (00 ;2 (e miyg ;;;
2

>

=1 j=1k=1
2 2 2 9
U = =S+3 33 ((Ra)n)* ((Reyy) Ko (mho,mds )
i=1j=1k=1
2 2 2 9
2
DD (Rin)y) ((Redyy ) Ko (mismde) (5.60)
i=1 j=1 k=1 !
where we introduced the functions [[121]]
2,2 2
2 2 mims m : 2 .2 2
o) = o (5). i F o) <mt. o
K(m2 m2 m?) = ; m? (Sm2 —m2) In m—% —m3 (3m2 —m2) In m—%
1o 10025 1103 (m% . m%)g 1 2 1 m?)} 2 1 2 m?)}
1

-3 [27mim3 (m] —m3) +5 (m§ — m‘f)]} , (5.62)

with the properties
2 2 2 2 m3
mlh_{nmz K(mi,mj,m3) = Ki(mj,m3)=In mig )
—5m§ + 27Tmim3 — 2Tm3m3 + 6 (m1 3m1m3) In ( ) + 5m$
lim K(mf,m3,m3;) = Ka(mi,mj)= 3 ;
mo—ms 6 (m% - m3)
lim K(m},m3,m3) = Kay(mi,m3). (5.63)

mi ms3

Here Ry, R4 and R are the rotation matrices diagonalizing the squared mass matrices for the non SM CP-
even, CP-odd and electrically charged scalars. It is worth mentioning that, from the properties of the loop functions
appearing in the expressions for the oblique S, 7" and U parameters given in [119-121]], it follows that in multiHiggs
doublet models, the contributions to these parameters arising from new physics will vanish in the limit of degenerate
heavy non SM scalars. Thus, in multiHiggs doublet models, a spectrum of non SM scalars with a moderate mass
splitting will be favoured by electroweak precision tests.

On the other hand, the contributions arising from new physics to the 7', S and U parameters in model 2 are:
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1
2 2 2 2 2 2
mHg,mA?,mHi>+127TK(mH2,mA2,mH4i), (5.65)

i=1 j=1 k=1
2 2 2 5
DD (R ((Redyy) K (i, m?)
i=1 j=1 k=1
+ Ky mig,m?ﬁr) + Ky (mfﬁ),mz}) , (5.66)

where HY, A} and H. f are the physical scalar fields arising from the inert doublet =.
Besides that, the experimental values of T', S and U are constrained to be in the ranges [122]:

T = —-0.01 £ 0.10, S =10.03+0.12, U=0.02+£0.11 (5.67)

We have numerically checked that both models can successfully reproduce the allowed experimental values for the
oblique 7', S and U parameters. Furthermore, we checked the existence of a parameter space consistent with both
scenarios where the W mass anomaly is absent or present. This is consistent with models with Higgs multiplets, as
it has been analyzed in [[123].

5.6 Scalar sector

In the present section we address the discussion of the phenomenology of the scalar sector in the low energy regime.
Both models share the same effective low energy scalar potential with respect to the active Z, even scalar doublets
=i, 1 = 1,2, 3, but in each model the inert scalar couples differently to these fields. Nevertheless, as a consequence
of the fact that the Z odd scalar ¢ is an SU(2) singlet in addition to the CP-even dark scalar HY being (as will
be shown in the next section) restricted by relic abundance and direct detection constraints to have a mass of the
order of several TeV, the low energy phenomenology of the scalars =; is, to a good approximation, negligibly
influenced by the presence of each model’s dark sector. Hence, we proceed to analyze the phenomenology of the
scalar potential of an Sy-symmetric 3HDM coupled to the matter sector described in Section ??. As noted there,
the quark and charged lepton sectors of both models are identical while the corresponding neutrino sectors bear no
tangible influence on the kind of phenomenological analysis considered here. We mainly focus on collider limits for
the new scalars predicted by the inclusion of the extra Higgs doublets. For the numerical calculations we neglect the
masses of the first and second family of fermions and also off-diagonal entries in the Yukawa matrices. We expect
deviations of the matter sector relative to the SM to be of negligible influence in the phenomenology of the scalar
sector at present accelerator searches. This argument is fully justified, for example, SM Higgs boson branching
ratios are dominated by the bb, WW, gg and 77 channels, with other channels contributing less than ~ 3 x 10~2,
see e.g. figure 9 of reference [[124]. In our analysis, we ensure that the lightest of the CP-even scalars satisfies
the alignment limit and hence its couplings and decay rates coincide with those of the SM Higss. For the heavier
scalars, the situation is similar, with the dominating channels being tZ, bb and 77, see e.g. figures 17 and 18 of
reference [[125]] in the context of the MSSM. In other words, contributions from the first two fermion families to the
decay branching ratios of the physical scalars are completely negligible. Similarly, for the scalar boson production
at the LHC, the gluon fusion mechanism [[126] dominates for the scalar mass ranges considered here, with the gluon
coupling to the Higgs bosons mediated most importantly by triangular top- and bottom-quark loops. Notice that we
do not consider the effect of the several active singlet scalar fields as they are assumed to acquire very large vacuum
expectation values, much larger than the electroweak symmetry breaking scale, thus allowing to decouple them in
the low energy effective field theory. As previously mentioned the mixing angles of the singlet scalar fields with the
scalar doublets are very small as they are suppressed by the ratio between the electroweak symmetry breaking scale
and the scale of spontaneous breaking of the Sy x Z, discrete symmetry. Under these assumptions we see from
Eq. (5.5) that the third generation of quarks couples only to Z3. For the charged lepton case we further assume
that x4 << 9} so that the same is true for the third generation of charged leptons (note that the cubic and quartic
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vertices involving @, are highly suppressed by the high energy scale A so that this S} triplet scalar is decoupled at
the energies considered here).

For the scalar sector we give in Appendix the most general renormalizable potential with three Higgs
doublets invariant under the Sy symmetry group, along with the minimization conditions also known as tadpole
equations. Additionally, analytical stability conditions are calculated in Appendix but nevertheless during
the numerical calculations we employ the public tool EVADE [127,|128]], which features the minimization of the
scalar potential through polynomial homotopy continuation [[129], and an estimation of the decay rate of a false
vacuum [[130L/131].

5.7 Low energy scalar potential and scalar mass spectrum

In order to simplify our analysis, we restrict to the simplified benchmark scenario where the scalar singlets of the
model do not feature mixings with the three SU (2), scalar doublets. The low energy scalar potential of the model
then corresponds to the Sy symmetric scalar potential of the three SU (2), scalar doublets plus a soft-breaking
mass term and has the form:

Vo= 2 (E{El) — 2 (E;EQ — 12515, + A (E}EI) (E}EI) W (E}E,) (Eja,)
1 1 1 1

2
2
+6 | (2hzr) (5135)] LN [ESNESIELEERIES)
1

where we have included soft breaking mass terms in the scalar potential. They can arise at high energy scale from
the quartic scalar interaction £ (xX), (E}E 1) . Note that only bilinear soft-breaking mass terms and not trilinear
2

terms are allowed in the scalar potential, as follows from gauge invarianceE]
After the spontaneous breaking of the .S, discrete symmetry, the low energy scalar potential of the model under
consideration takes the form:

2
Vo= (Ejal) _y (5352) — 2 (Egag) Y (E{El + E;EQ) TP (Egal - EIEQ)

=iz) + (2= - El=) (SlEs + =a))] (5.69)
i
3

The minimization conditions of the scalar potential are given by:

1
u% = 3 (4)\11)% + 4)\31)% + 6 4v3v1 + >\5v§ + )\Gvg + 2>\7v§) , (5.70)
2 4)\11){’ + 4)\31){’ + )\5v§v1 + )\6v§v1 + 2A7U§Ul 571
My = 201 (5.71)
2 = — A5 + A5v303 + Agv3v35 + 2A70303 + 3AgvFve + Asvv3 + Aviv3 + 2A703v3 + 2Ag03 (5.72)
3 = .

2’()3

and the resulting squared mass matrices for the CP even neutral, CP odd neutral and electrically charged scalar

2Notice that the low energy scalar potential without the soft-breaking mass terms has an underlying S3 discrete symmetry. This is due to the
fact that S3 is a subgroup of S4 as well as to our choice of irreducible representations to accommodate the active SU (2) scalar doublets.
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fields are given by:
2 ()\1 + )\3) ’U% 2 ()\1 + )\3) ’U% + 3\v3v1 1 (3)\4’01 + ()\5 + ¢ + 2)\7) Ug)
M2 B 2 (/\1 + )\3) ’U% + 340301 2 (/\1 + )\3) ’U% — 3M\qv1v3 (/\5 + g + 2/\7)31]1113
CP—even — U1 (3)\4’01 + (/\5 + X + 2)\7) 123) (/\5 + g + 2/\7) V1V3 2>\8U?2, — %
(5.73)
-2 ()\2 + )\3) U% — 2)\41)31)1 — 2)\7’03 U1 (2 ()\2 + )\3) U1+ )\41)3) U1 ()\42}1 + 2)\7’03)
M2 B V1 (2 ()\2 + )\3) v + )\4’1}3) —2 ()\2 + )\3) ’U% — M\qU301 — 2)\71)% 22\77]1’03
CP—odd — V1 ()\4’[)1 + 2)\71]3) 2)\7’[)11}3 —% - 4)\77)%
(5.74)
—2)\3’U% — 2 \4v3v1 — % ()\6 + 2)\7) U?Z) U1 (2)\3’01 + )\41}3) %’Ul (2)\41}1 + ()\6 + 2)\7) 123) A
M2 B U1 (2)\31}1 + )\4?]3) —2)\3’1)% — A3V — % ()\6 + 2/\7) ’U§ %2()\6 + 2)\7) V1V3
charged — %Ul (2)\4,01 + ()\6 + 2)\7) 'U3) % <)\6 + 2)\7) V103 h ()\4U1+(U/\36+2>\7)113)
/
(5.75)

The last two mass matrices can be diagonilized analytically, we find for the pseudo-scalars and the charged
scalars the mass spectra:

v v
mi? =a; — i\/ag, mig =ay + 2—1}13\/@, méz =0, (5.76)
2 U1 2 U1 2
mHli —01*%\/5, mHg: —Cl‘f’ﬁ\/@, mGﬁ/ —O, (577)
where:

1 2
a1 = =207 (A + A3 + A7) — 205 \; — Fhavt (3v3 + Zl) , (5.78)

3
ag = 8v1vsda( A2 + A3 — A7) (203 — v) + (v] + 5u3) AT + 20703 (8( A2 + Az — A7)? — \9), (5.79)
c—i%u X6 + 2X 71“ 2\ 71/\ 3 vt 5.80
1= 2’01( 3+ A6 + 2A7) 203(6+ 7) g M1 U3+U3 , (5.80)

e = (V] 4+ 505)A2 + 2010304 (403 — Ag — 2A7) (202 — v?) + v202[(4h3 — Ag — 2A7)% —2X\D)].  (5.81)

From the squared scalar mass matrices given above and considering that the quartic scalar couplings can take values
up to 47, which is the upper bound of these couplings allowed by perturbativity, one can succesfully accomodate
masses of non SM scalars in the subTeV and few TeV range.

From the expression for the potential we obtain the square mass matrices for the CP-even scalars HY, HS,
HY, the pseudo-scalars A9, AJ and the charged scalars Hi" and Hi, where we define HY as the SM-like Higgs
(A and H. 3i denote the EWSB nonphysical Goldstone bosons). We will continue to assume the vev alignment
v1 = vo and here we mainly discuss analytical approximations for the CP-even scalars masses, let us denote the
mass matrix by the expression:

MQCP—even = ) (5.82)

A NESHES

d f
b e
e ¢
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the specific entries in terms of the parameters of the potential can be read off from Eq. (5.73). With the exception
of cases where one or several entries of this matrix are zero or cases where there are degenerate eigenvalues, we
can approximate the masses of these physical scalars by the expressions [132]]:

1
ng = 3 (a+b+4c—2\/x1cos[E/3]) ,
1
m%? = g(a—l—b—l—c—i—%/ﬁcl cos[(Es —m)/3]) , (5.83)
1
ng = 3 (a+ b+ c+2\/x1cos[(Bs +7)/3]) ,
where
r1=a®>+b*+c* —ab—ac—be+3(d*+ f2+ %) (5.84)
and
/ 3—IE2
arctan (42122> , T2>0
=, =4 7/2 23 =0 (5.85)
arctan (W) +7mT , 22<0
with
xa = —(2a—-b—c)2b—a—c)(2c—a—b)
+9[(2c —a —b)d* + (2b —a — ¢) f* + (2a — b — ¢)e?] — Sddef . (5.86)

From the above definitions we notice that =4 € [—7 /2,37 /2] som mo 1s always grater than m HY> but m g can be
smaller than m 0. However, we will explore in detail a region of parameter space where mn g is greater than mgp,
which is then the lightest of the three, and this is the reason for choosing it as the SM-like Higgs.

Due to the nontrivial dependence of =, on the parameters, it is not possible to invert the above equations and
trade couplings for squared masses in the general case. This represents a disadvantage at the numerical level since
we have to enforce the constraint that the mass of HY has to be very close to 125.5 GeV. If we do this, it would result
in very inefficient scans of the parameter space because a large proportion of the test points in parameter space do
not yield such value for the mass of the SM Higgs-like scalar. However, there is one particular slice of parameter
space where we can eliminate some of the couplings in favor of the squared masses, as we describe below.

In an effort to trade generality for the possibility to perform a thorough exploration of a region of parameter
space compatible with the value of the Higgs mass, we enforce the equation

2 =10 (5.87)

by suitable choosing one of the quartic couplings (A5) so that Eq. is satisfied. This can always be done
since this equation is quadratic in A5, and we choose this coupling since it does not appear in the expressions of the
masses of the pseudo-scalars nor the charged scalars. Henceforth we will be presenting a numerical analysis of the
parameter slice =5 = /2. In this hyper-region of parameter space the equations for the masses (see Eq.) not
only take a simple form, but also allow to eliminate two more quartic couplings (A1 and Ag) in favor of m 9 and
mpo. In this way we gain control over the values of these masses, and from the relation:

- 2 2 2 2
A=/11/ = Mo — Mg = Mg — Mg (5.88)
which follows from the simplified equations of the masses, we see that in the explored slice of parameter space we

have the hierarchy mi{? > mi{g > mi{g and that these squared masses are separated by the same mass gap A.

We shall refer to this slice as the symmetric gap region. Having control over the value of these masses allows us
to perform a scan of parameter space in which we choose the mass of HY to be in a small interval (given by the
current experimental error bars) around 125.5 GeV. We then vary the mass of HY in the interval m gy <mpgy <1
TeV, while that of HY is determined from the value of A and m?,,.

For the numerical computations we implement the model in SzARAH [133H136] from which we generate corre-
sponding model files for some of the other tools using the SARAH-SPheno framework [[137H139]]. When testing
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Figure 5.4: Composite likelihood as a function of the CP-even scalar masses and tan 8. Contours of 68% and 95%
of CL are drawn and the best fit point is marked with a star.

a given point of parameter space, for positivity and stability of the scalar potential we use EVADE, while exclusion
limits from scalar searches at Tevatron, LEP and the LHC are implemented with the aid of HiggsBounds [140].
We impose hard cuts discarding points not complying with these constraints. For points not filtered by the previous
hard cuts we calculate numerically the model predicted observables that are used to construct a composite likeli-
hood function. We calculate the couplings and decay branching ratios of the 125 GeV SM Higgs-like and the rest of
the scalars with the help of the SARAH generated SPheno code. In particular, we use the decay probabilities of the
heavy scalars and pseudo-scalars into pairs of 777~ leptons in order to compare these predictions with the recent
search of the ATLAS collaboration involving these type of resonances decaying into 7-lepton pairs [[141]. This
specific ATLAS search was motivated because such decay modes can be enhanced in multi-Higgs models relative
to the SM predictions. A higher cross section for Higgs boson production in association with b quarks (bbH) can
also occur in such scenarios, making this production channel competitive with the main gluon fusion production
(ggF). We calculate bbH and ggF cross section productions for all neutral scalars using SusHi [[142}/143]]. While
SusHi features these calculations for the Two Higgs Double Model (2HDM) and the Minimal Supersymmetric
Standard Model (MSSM), it uses a strategy of calculation based on the observation that for example, assuming
that the SM Higgs-like is the lightest scalar, it is possible to efficiently estimate the next to leading order (NLO)
production cross section for a given CP-even scalar in the model from the known NLO production cross section for
a SM Higgs of the same mass by rescaling with the LO coupling ratios (see e.g. [[144]):

oo(X =Y
ono(X = Y) ~ oMy (X — V) x (M : (5.89)
the leading order ratio in this equation involves only the tree-level couplings of the scalars in the model relative to
the SM Higgs boson couplings. This is only an estimation because at the loop level it is assumed that only SM
particles run in the loops. It is straightforward to use the capabilities of SusHi for other multi-Higgs models by
simply changing the rescaling factors appropriately. This is also true for pseudo-scalars which only require the
rescaling of the calculation of the production rate of a pseudo-scalar Higgs boson motivated by BSM models such
as the MSSM [1454149].

We use the above predictions of the model to construct the composite likelihood function:
log Lycatar = 10g Lhiggs + 10g LaTLAS (5.90)

using public numerical tools. We obtain the likelihood log Ly;ges that measures how well the couplings of the
SM Higgs-like HY resemble that of the already discovered SM Higgs using HiggsSignals [150]. Note that
HiggsSignals uses information from the public LHC repository database, specifically concerning the discov-
ered Higgs mass and signal strength from the LHC Run-1 observables, and therefore the reported likelihood is
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basically a measurement of the so called alignment limit. In other words, parameter space points maximizing this
likelihood (or in the neighbouring regions of the maximum) satisfy the conditions of the alignment limit. As dis-
cussed earlier, most analysis in the matter sector have negligible impact in the phenomenology of the scalar and
dark matter sectors considered here. For this reason, we do not consider constraints arising from both FCNC and
CKM fits simultaneously with the ones from the log-likelihood observables defined in Eq. (5.90). Moreover, the
consistency of this analysis of the scalar sector with that of the previous sections is ensured since in the latter case
the alignment limit is explicitly assumed while in the former it is enforced by the likelihood log Lyiees present in
the above same equation. In a similar manner, the observables studied in the previous sections can be regarded as
weakly correlated with the considered observables in the dark sector (see next section), such as the relic abundance
which depends on annihilation cross sections that are dominated by channels involving the heaviest fermion family
or the gauge bosons, or DM-nucleon dispersion cross sections which are not sensitive to details of the quark masses
or mixings, but rather to the values of the measured nucleon masses and nuclear form factors. For the likelihood
log Lt as Which implements the public data from the ATLAS search mentioned before we make use of the ca-
pabilities of HiggsBounds [140,/151]]. Finally, we perform the scan of the parameter space and construct the
likelihood profiles using Diver [[152,/153] (in standalone mode).

Fig. [5.4] shows the obtained profile likelihoods with respect to Eq. (5.90) for the case of the masses of the CP-
even scalars H and HY and its correlation with the value of tan 3 = v/2v1/v3. We note that the phenomenological
analysis results in the model’s consistency with observations only for small values of tan /3, in accordance with
the alignment limit implicit in the likelihood log Lhiges. Thus, concretely, tan 3 appears to be constrained at a
confidence level (CL) of 95% to take values in between ~ (.25 and ~ 0.45 at the preferred values of the masses at
the best-fit point (BFP). The masses of HS and HY most favored lie in ~ 263 GeV and ~ 350 GeV respectively.
The analysis allows to constrain these masses in respective intervals of ~ 50 GeV and ~ 75 GeV with a CL of
68%, though the constraining interval worsens considerably at the 95% of CL.

The corresponding likelihood profiles for the pseudo-scalars and the charged scalars is shown in Fig. [5.5] The
constraining interval over the value of tan /3 is consistent with the previous figure, however in these cases the values
of the masses are limited very poorly.

5.8 The scalar potential for a S, triplet

The relevant terms determining the VEV directions of any Sy scalar triplet are:

Ve = =gy (W) + ky (DU, (WU*)) + ky (WTF), (WF), + ks (DTF), (PTF), (591
+ky (OO, (W), + H.c.

where ¥ = &, 7n,p,®.,®,,P,. Note that we restrict to a particular simplified benchmark scenario where the
mixings between Sy scalar triplets is neglected. The part of the scalar potential for each Sy scalar triplet has five
free parameters: one bilinear and four quartic couplings. The minimization conditions of the scalar potential for a
Sy triplet yield the following relations:

o(Vr) 4
Bva, = —2¢3vy, + 8kavy, (0\21,2 + U\QI,S) + 4kjvy, (v?l,l + ’U\21,2 + 11\21,3) - §k4’U\1/1 (—211\21,1 + U\2112 + 0\21,3)
= 0
oV
3<v5> = —2¢3vy, + 8kyvy, (v?pl + vﬁ,?’) + 4k1vy, (v?yl + vﬁ,z + U\QI,3> + 2k4vy, (v%2 — ’U\QI,B) (5.92)
2
2
+§k41}\1;2 (—21}%1 + U?I,2 + v?l,?)
= 0
oVr) _ 2 2 2 2 2 2 2 2
D = —2gyvy, + 8kavy, (vq,l + v%) + 4k vy, (vq,l +og, + fu‘l,s) — 2k4vg, (v% — vq,s)
3

2
+§k4’l}q;3 (7211\21,1 +v\21,2 +v§,3)
= 0.
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Figure 5.5: Composite likelihood as a function of the CP-odd scalar masses (first column), the charged scalars
(second column), and tan /3. Contours of 68% and 95% of CL are drawn and the best fit point is marked with a star.
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From the scalar potential minimization equations, for the Sy scalar triplet ®., we obtain the following relation:

2 2 2

Joe T 3 (3ky + 2kg) O (5.93)
This shows that the VEV configuration of the S, triplet ®, given in Egs. (5.3) and (5.4), is in accordance with the
scalar potential minimization condition of Eq. (5.92). The VEV configurations of the other S} triplets in our model
are also consistent with the scalar potential minimization conditions, which can be demonstrated by using the same
procedure described in this appendix. These results show that the VEV directions for the Sy triplets &, 7, p, @,
®,,, ¢, are consistent with a global minimum of the scalar potential for a large region of parameter space.

5.9 Stability conditions

The stability conditions of the low energy scalar potential will be given by its quartic terms since these will be the
dominant ones for large values of the field components. Therefore, we define the following bilinear conventions of
the scalar fields:

a = EiE; b=El5, ; c=El=; (5.94)
d = =5, +2l5, ; e=i(ElE, —=l7)) (5.95)
2lgy = f4ig; EiEs=h+ik (5.96)

by using this new definition, we can rewrite the quartic terms of the scalar potential as follows:
A
Vi = (MA+A)@+0%) + e+ A)(f2+ 9>+ h?) +2 ()\1 — A3+ 25> ab

2
+ (Vasd = VAef) 4 (VAsA7 + M) df + (VAsb = V/As)? + Aa(ah — bh)
+A7(h? = 3g% — 2k?) + /AsAgbc + As(c — b)b — e* Ao + g% X . (5.97)

By using the method employed in [49,|53], we find the following stability conditions for the low energy scalar
potential:

A3 >0 A7 >0 Xs >0 Ag >0, Ao <0 (5.98)
A
M43 >0 Ao+ A7 >0 Al—A3+§’zo VA3 + 0 >0 (5.99)

5.10 Dark sectors

We now describe the dark sectors of both models introduced in previous sections. We couple the Z5 charged scalar
fields to the active scalars in a minimalistic way and consistent with their S, assignments. The scalar potential
for each model is taken as the sum of the active scalars’ potential of the previous section with the respective one
containing the dark scalars. Denoting by V;,; and V;;» the model 1 and model 2 total scalar potentials, we take:

Vo =V = 1267 + 26" + 29 ? (S]21)  + Mo ¢? (E15s) (5.100)

1

Ve = V—ui (E1Z) + o (El2) (ElE), +ae|(Ela)) (El2)]
1 1
== ) (=t == ) =t=.) (=i=
+>\13 [(:4:]) (.:4.:[) + hC:| -+ )\14 (.:4.:4) + )\15 (:3:3) (.:4.:4) s (5101)
where for simplicity we have assumed ¢ to be real, and V is given by Eq. (5.70). We keep checking the stability

of each potential numerically and maintain the hard cuts described in the previous section. Both models offer the
possibility of a scalar or fermion dark matter candidate, however, the right handed neutrinos do not couple to quarks
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Figure 5.6: Partial composite likelihood (not including the relic density likelihood) as a function of the DM candi-
date mass and its relic density. The Planck measured value is marked by the dashed horizontal line. The left (right)
panel corresponds to model 1 (2).

at tree level and therefore only indirect DM detection observables would be of phenomenological interest when one
of the fermions is the lightest (Z3) odd particle (LOP), a typical example of this would be the scotogenic model,
see e.g. [50,/154L/155]. Nevertheless, in our proposals it is easy to check that for a fermion LOP, annihilation is
only possible to pairs of neutrinos in model 1 and 2, or pairs of charged leptons in model 2. Therefore, in both
models we deem much more interesting the case of a scalar LOP, where thanks to the couplings of the dark scalars
to the active ones it is possible to have tree level scattering amplitudes between a scalar LOP and quarks, allowing
the phenomenological analysis of direct detection (DD) of such candidates, these type of models are commonly
referred to as Higgs portals, see e.g. [156]. Presumably, the DD constraints are currently the most stringent ones
compared to anti-matter signals (fermion LOP) or gamma ray fluxes (scalar LOP) from annihilation of DM in these
models, for a thorough review of these topics see e.g. [[157]]. In model 1 we take ¢ as the DM candidate and in
model 2 we assume that from the components of the inert doublet =4, which we denote HY, Ag and H f, Hff is the
lightest.

With this rationale, for both models we construct a log-likelihood function involving the observables in the
(visible) scalar sector of the previous section, and the DD and relic abundance observables:

log £ = log Lcarar + log Lpp + log Lapz - (5.102)

For the numerical calculation of the relic density, as well as the DM-nucleon scattering cross sections, we use the
capabilities of Micromegas [I58H161]]. We construct L2 as a basic Gaussian likelihood with respect to the
PLANCK [42] measured value, while the likelihood Lpp involves publicly available data from the direct detection
XENONIT experiment [58[]. We use the numerical tool DDCalc to compute the Poisson likelihood given by

Lop = (b+ ) exp{{—(b+s)}} (5.103)

o!

where o is the number of observed events in the detector and b is the expected background count. From the model’s
predicted DM-nucleon scattering cross sections as input, DDCalc computes the number of expected signal events
s for given DM local halo and velocity distribution models (we take the tool’s default ones, for specific details
on the implementation such as simulation of the detector efficiencies and acceptance rates, possible binning etc.
see [[162,163]]).

It is instructive to analyze the slice of parameter space involving the value of the relic abundance taking into
account the partial likelihood without the factor involving the relic density likelihood. To this end we define:

log Lsipp = log Lcatar + log Lpp. (5.104)
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Figure 5.7: Composite likelihood as a function of the DM candidate mass and SI DM-proton cross section for the
case that the candidate represents 100% of the DM in the Universe. Contours of 68% and 95% of CL are drawn,
and also shown are the 90% CL upper limit from the XENONIT (1t x yr), the XENONnT and the LUX-ZEPLIN
experiments, the XENON experiment multi ton projection to 200t lyr and the neutrino floor. The best fit point is
marked with a star. The left (right) panel corresponds to model 1 (2).

With respect to this partial likelihood, we show in Fig. [5.6]the likelihood profiles of both models’ relic abundance
predictions as a function of the DM candidate mass. (Note that the corresponding plot with the full log-likelihood
is just a slim horizontal bright band around the Planck measured value). In both cases more than two thirds of the
explored parameter space results in an underabundant prediction for the corresponding DM candidate. The analyses
of the two models yield similar patterns, where DM masses of the order of 1 TeV and lighter predict abundances
(with discernible likelihood ratio value) from close to the Planck measurement, all the way down to around 1074 It
is possible to discern a tendency that as the DM mass increases the lowest value attained for the relic density raises
(sort of linearly) towards the Planck limit. Above a certain mass no points in parameter space can be found that
yield a likelihood ratio greater than 0.1. The biggest difference between the models is that for the singlet candidate
¢ this upper mass bound appears to be a little bit above 10 TeV while for the H candidate of the second model
the bound raises up to 100 TeV. This characteristic can be understood from the fact that in model 2 there are other
DM particles (A9 and H") that have influence on the value of the DM abundance by means of the co-annihilation
process. When the mass of these particles is close to the LOP mass their contribution to the annihilation cross
section at the freeze out epoch is non-negligible and enhances it, making the annihilation of DM particles more
efficient and thus diminishing the final DM abundance.

In Fig. we present the profile likelihood with respect to the full log-likelihood (see Eq.(5.102)) for each
model normalized to the value of £ at the best fit point (signaled by a star) assuming the DM candidate constitutes
100% of the DM in the Universe. The plots show the dependence of the likelihood on the DM mass and the DM-
proton spin independent (SI) cross section; contours of 68% and 95% of confidence level (CL) are drawn. We also
depict the 90% CL upper limit on the SI cross section from the XENONIT (1t x yr) [58]], the XENONnT [164] and
the LUX-ZEPLIN (LZ) [59]] experiments, alongside with the XENON experiment multi ton-scale time projection
to 200 t x yr of reference [[165] (for better comparison with the other curves we extrapolated linearly the data
available from this reference from 1 TeV up to 10 TeV) and an estimation of the neutrino floor [[166]. We can see
from the left panel of this figure that the DM candidate of model 1 is strongly constrained by the analysis. There
is only a very small region of parameter space with a likelihood ratio above ~ 0.8 in the neighborhood of the
best-fit value of My ~ 3.98 TeV. Due to the constraints from the XENONIT observations, the allowed region lies
below the respective exclusion curve, but we can see from the comparison with the projected exclusion limits of
the 200 ton upgrade that it will be possible to exclude the BFP and its surroundings in the near future. On the other
hand, the numerical analysis is unable to give us strong arguments concerning the capability to constraint model
2. For this case, a large region of parameter space with good likelihood ratio which includes the BFP with a mass
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of Mpo ~ 14.1 TeV lies well below the 200 ton projected limits and the neutrino floor. Nevertheless, the analysis
does show that masses of this DM candidate below ~ 3.1 TeV are very poorly (or even not at all) consistent with
observations. Thus, we can infer that a DM candidate of these characteristics must be heavy (greater than ~ 10 TeV)
for consistency of the observables considered in the composite log-likelihood function discussed here (Eq. (3.102)).
DM masses above 10 TeV might have interestingly strong predicted fluxes from gamma ray annihilations (e.g. in
dwarf galaxies), however in these mass ranges non-perturbative effects such as Sommerfeld enhancement of the
annihilation cross section can be important and a proper treatment of indirect DM signals should include such
corrections (see e.g. [[167]]), but that is outside the scope of the present work.






Chapter 6

Phenomenological aspects of the fermion
and scalar sectors of a S, flavored 3-3-1
model

The next chapter is based on the second paper of this thesis 2] where we will see an extension see an extension of
the Standard Model, in what is known in the literature as the 331 models, where the SM symmetry is extended to
aSU(3)c x SU(2)r, x U(1)x. These models have been widely studied since they provide an explanation for the
number of families in the fermionic sector and there is cancellation of chiral anomalies, which occurs when there are
non-universal gauge assignments under the group U (1) x for the left quark fields and the number of the fermionic
triplet and antitriplet of SU(3), are equal, however, for this to be fulfilled, the fermion family number must be
a multiple of three. Along with the above, the 331 models also have the characteristics that the Peccei-Quinn
(PQ) symmetry can be obtained naturally, which provides a possible solution to the strong CP problem. In addition,
these models have several sources of CP violation and give an explanation for the quantization of the electric charge.

In this chapter, we propose an extension of the SM through a 331 model with (RH) neutrinos, also adding a
global lepton symmetry U(1)r4 to ensure the conservation of the lepton number, a discrete non-abelian symme-
try Sy to reproduce the masses and mixing of the fermionic sector and three other auxiliary cyclic symmetries
Zy X Z} X Zo, where the Z, symmetry is introduced to obtain a texture with zeros in the entries of the up type
quark mass matrix, in addition, the symmetry Z} together with the VEV pattern of the scalar triplets associated
with the sector of charged leptons is necessary to get a diagonal charged lepton mass matrix. Finally, the Z5 sym-
metry is necessary to obtain all the complete entries of the third column of the mass matrix of the down quarks and
thus with the values of the VEVs of the scalars that participate in the Yukawa terms of this sector. Given that the
charged lepton mass matrix is predicted to be diagonal, the lepton mixing entirely arises from the neutrino sector,
where we will use an inverse seesaw mechanism [|168] mediated by right-handed heavy neutrinos to generate the
tiny active neutrinos masses. The S; symmetry group is a compelling choice due to its unique properties and its
ability to efficiently describe the observed pattern of fermion masses and mixing angles in the standard model. As
the smallest non-abelian group with irreducible representations of doublet, triplet, and singlet, S4 allows for an
elegant accommodation of the three fermion families. Furthermore, its cyclic structure and spontaneous breaking
provide a suitable framework for generating fermion masses through mechanisms such as the Froggatt-Nielsen
mechanism [[169] for charged fermions and the inverse seesaw mechanism [[168]] for light active neutrinos. The
application of S; has demonstrated success in describing the observed patterns of SM fermion masses and mix-
ings [77H101}/170].

The non-abelian symmetry Sy provides a solid theoretical framework for constructing scalar fields and under-
standing various phenomenologies. Scalar fields, transforming according to the representations of .Sy, allow us to
determine the phenomenon of meson oscillations. These oscillations are of great interest as they provide valuable
information about flavor symmetry violations in the Standard Model. In addition, the scalar mass spectrum is ana-
lyzed and discussed in detail. Its analysis allows to study the implications of our model in the decay of the Standard
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Model like Higgs boson into a photon pair as well as in meson oscillations. Finally, besides providing new physics
contribution to meson mixingz and Higgs decay into two photons, the considered model succesfully satisfies the
constraints imposed by the oblique parameters, where the corresponding analysis is performed consideing the low
energy effective field theory below the scale of spontaneous breaking of the SU(3) x U(1)x x U(1), symmetry.
These parameters, derived from precision measurements in electroweak physics, are essential for evaluating the
consistency between the theoretical model and experimental data. The consistency of our model with the oblique
parameters demonstrates its ability to reproduce experimental observations in the context of electroweak physics
for energy scales below 1 TeV.

6.1 The model

The model is based on the SU(3)¢ x SU(3), x U(1) x gauge symmetry, supplemented by the .S, family symmetry
and the Z, x Z) x Z5 auxiliary cyclic symmetries, whose spontaneous breaking generates the observed SM fermion
mass and mixing pattern. We also introduce a global U(1)y,, of the generalized leptonic number L, [1714173].
That global U(1)z, lepton number symmetry will be spontaneously broken down to a residual discrete lepton

number symmetry ZéLg) by a VEV of the gauge-singlet scalars ¢ and & to be introduced below. The correspoding
massless Goldstone bosons, the Majoron, are phenomenologically harmless since they are gauge singlets. It is worth
mentioning that under the discrete lepton number symmetry ZQ(L”), the leptons are charged and the other particles
are neutral, thus implying that in any interaction leptons can appear only in pair, thus, forbidding proton decay.
The S; symmetry is the smallest non-Abelian discrete symmetry group having five irreducible representations
(irreps), explicitly, two singlets (trivial and no-trivial), one doublet and two triplets (3 and 3’) [174]. While the
auxiliary cyclic symmetries Z4, Z) and Z select the allowed entries of the SM fermion mass matrices that yield
a viable pattern of SM fermion masses and mixings, and at the same time, the cyclic symmetries also allow a
successful implementation of the inverse seesaw mechanism. The G chosen symmetry exhibits the following three-
step spontaneous breaking:

G=SUQB)c xSUB)L xU(l)x x U(1)L, X S4 X Zy X Zy X Zy 6.1)
U Aine
SUB)e x SUB)L xU(1)x xU(1)g,
oy
SUB)e x SU2), x U(1)y x Z5)
I vy, vp

SUB)e x U(1)q x 2

where the different symmetry breaking scales satisfy the following hierarchy:

v =246GeV = | /v2 +v2 < v, ~0(9.9) TeV < A, 6.2)
which corresponds in our model to the VEVs of the scalar fields.

The electric charge operator is defined [92}/175] in terms of the SU(3) generators T3 and Ty and the identity
133 as follows:

Q=T+ pIg + I3x3X. (6.3)

where for our model we choose 3 = —1/+/3, and X are the charge associated with gauge group U (1)x.

The fermionic content in this model under SU(3)¢c x SU(3)r x U(1)x [172,|175,|176]. The leptons are in
triplets of flavor, in which the third component is an RH neutrino. The three generations of leptons for anomaly
cancellation are:

LiL = Z’L ~ (17 3a _1/3) ) liR ~ (17 17 _1) y NiR ~ (17 la 0) ) (64)
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where ¢ = 1,2, 3 is the family index. Here v° = v} is the RH neutrino and v, are the family of neutral leptons,
while l;1, (er, pur, 71,) is the family of charged leptons, and V; i are three right handed Majorana neutrinos, singlets
under the 3-3-1 group. Regarding the quark content, the first two generations are antitriplet of flavor, while the third
family is a triplet of flavor; note that the third generation has different gauge content compared with the first two
generations, which is required by the anomaly cancellation.

dy, B u3
Qnr = | —un ~ (3v3a 0) , Qs =|ds ~ (3737 1/3) , n=12. (6.5)
Jn L T L

UiRr ~ (37172/3) ) diR ~ (3717 _1/3) ) JnR ~ (3717 _1/3)’ TR ~ (37172/3) :

We can observe that the d;p and J; g quarks have the same X quantum number, and so are the u;r and Tr quarks.
Here u;z, and d;, are the LH up and down type quarks fields in the flavor basis, respectively. Furthermore, u;r and
d;r are the RH SM quarks, and J,,gr and Tr are the RH exotic quarks. And the scalar sector contains four scalar
triplets of flavor,

+ 0
P1 2 X1 1
1 . —
p = ﬁ(U‘,‘ng:l:ZCp) ~ (1,373) ) X = 1 X2 ) ~ (1737_3) )
Py 5 (ox & £y )
(6.6)
%(Unz + &np £ 1) 1 %(5771 + iy, ) 1
2 = 7752 ~ 1737 -5/ M= 7751 a 1,3, = ].
0 3 0
32 31

where 7; is an inert triplet scalar, on the other hand, the SU (3), scalars p, x, and 72 acquire the following vacuum
expectation value (VEV) patterns:

)T = (o,o,ux/\/i), (07T = (o,v,,/\/i, 0), ()" = (vm/\/i,0,0). 6.7)

In addition, some singleton scalars are introduced: {c, O, (y, ©, Sk, ®, £}, (k = e, u, 7) where all fields transform
(1,1,0) under SU(3)c x SU(3)r, x U(1) x.
With respect to the global leptonic symmetry defined as [[171]:

4
L= ﬁTg + IsxsLy, (6.8)

where L, is a conserved charge corresponding to the U(1)r, global symmetry, which commutes with the gauge
symmetry. The difference between the SU(3); Higgs triplet can be explained using different charges L, the
generalized lepton number. The lepton and anti-lepton are in the triplet, the leptonic number operator L does not
commute with gauge symmetry.

The choice of the S; symmetry group containing irreducible triplet, doublet, trivial singlet and non-trivial singlet
representations presented in the Appendix[A.3.2] allows us to naturally group the three charged left lepton families,
and the three right-handed majonara neutrinos into Sy triplets; (L1, Lar, Lar) ~ 3, Ng = (N1r, Nan, Nany) ~
3, while the first two families of left SM quarks, and the second and third families of right SM quarks in Sy
doublets; Qr, = (Q11,Q2r) ~ 2, Ur = (uar,usr) ~ 2 respectively, as well as the following exotic quarks;
Jr = (J1R, J2r) ~ 2, the remaining fermionic fields Qsr,, Tr, and [; as trivial singlet, u1 g and d;r non-trivial
singlet of S4. The assignments under Sy, the scalar fields Sk, @, and £ are grouped into triplets. In our model, the
Sy fields play a fundamental role in the vacuum configurations for the Sy triplets leading to diagonal mass matrices
for the charged leptons of the standard model. The inert field 7, and 72 in doublet ) = (11, 72) ~ 2, there are three
nontrivial singlets; {0, ©2, (2} ~ 1” and five trivial singlets {p, x, ©1, ¢, (1 }.

Using the particle spectrum and symmetries given in Tables[6.I]and[6.2] we can write the Yukawa interactions
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P n X o |01 |0 || G | &[S | S| S|P |
U, | —2/3] —2/3[4/3] 0 [0 0 |2[0]0[0]0]o0]o0]2
Sy 1 2 1 1’ 1 1’ 1 1 1’ 3 3 3 3 3
Zy 0 1 0 -1 0 0 0 0 0 1| -1]-1]-210
A 0 0 0 0 0 0 0 0 0 1 1 1 0 0
Zo -1 0 0 0 0 0 0| —-11]-1 0 1 0
Table 6.1: Scalar assignments under U (1)L, x Sy X Zy X Z} X Zs.
for the quark and lepton sectors:
£ = Dy xTr+v" (@, x*JR) + 38 Qs (MUR); + 15" €abe (@amb) XUr~s 1z (69
u ~a C a 6
+y§ )Ea,bc (QLU ) X° UlRF erlg (QLU )1, dBRA JFZhé) (QLU )1, dar Al
(d) G2 O
+y11 (QLU )1/ leA2 + Ys3 (QLU ) d3RA +y22 (QLU ) dor—— A +y33 Qs1pd3r,
Se S, S _
£y = " Lphr + 5" Toplan 3+ us" >LLp13RX+y§ ) (LLxNr), (6.10)

N — o?
Y Eabe (LLp (L§) )3 <+ hiy (NRNR> @Az + hoy (J\IRz\fg)SgF Y He,

where the y!) (with I = T,.J,u, d, L) represent the Yukawa couplings, which are dimensionless. The superscripts
of these couplings indicate the specific contribution of the particles involved; (T") and (.J), refer to the Yukawa
couplings of the exotic T and J quarks respectively, (u) and (d) refer to the couplings of the quarks that give
rise to the mass matrices of the up and down sectors respectively, and the index (L) indicates the couplings of
the charged leptonic Yukawa interactions. In the quark sector, under the S4 group the couplings determine the
interactions between the quark doublets 1, the quark singlets u; and d;r, the doublet Ug, and the scalar fields.
The h,n terms are associated with operators involving heavy neutrinos, h,,n refer to the interactions between the
right-handed neutrinos and the scalar fields, crucial for the generation of neutrino masses. And the subscripts 1,
1’, 2 and 3 denote the irreducible representations under the discrete symmetry group Sy, whose tensor products are
shown in Appendix
We use the following VEV configurations (see section[6.4.1) for the S, triplets

(S.) = ws,. (1,0,0), (Su) = vs, (0,1,0), (S;) =g, (0,0,1), (6.11)
(®) ve (1,71, 71e?) (€) = wve (1,1,19) (6.12)

where 71, 79 and 6 are free parameters. Regarding the Sy scalar doublet, we consider the following VEV pattern:

(n) = \/’5 (0,1), (6.13)

The above given VEV patterns are consistent with the scalar potential minimization conditions for a large region of
parameter space. They allow to get a predictive and viable pattern of SM fermion masses and mixings as it will be
shown in the next sections.

Furthermore, the S4 singlet gauge singlet scalars have VEVs given by:

<0'> = Vo, <@n> =vo,; <§0> = Vp, <Cn> =V, N= 1,2. (6.14)
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QrL | Q3p | wir |Ur | dig | dor | d3gp | Tr | Jr | Ly | lir | lar | I3r | Nr

U, |2/3]-2/3] 0 | 0 0] 0 0 [—2]2 131 1] 1]-1
Sy 2 1 iy 2 1 iy iy 1 2 3 1 3
Zy -1 0 0 -1 2 0 0 0 -1 | —1 0 0 0 1
Z 0 0 0 0 0 0 0 0 0 0 -1 -1 -1 0
Zo 0 0 0 0 0 0 1 0 0 0 1 1 1 0

Table 6.2: Fermion assignments under U (1), x Sy x Zy X Zj X Zs.

Observable | Model Value | Experimental Value

My (MeV) 2.04 2.167050

me (GeV) 1.26 1.27 + 0.02

m; (GeV) 172.50 172.69 + 0.30

mg (MeV) 4.40 4.6710-15

ms (MeV) 93.7 934750

my (GeV) 4.18 4181503
sin 67 0.22530 0.22500 = 0.00067
sin 87 0.04332 0.041827+0:00083
sin 6% 0.00390 0.00369 + 0.00011

Jq 2.93 x 107° | (3.087015) x 107°

Table 6.3: The model and experimental values for observables in the quarks sector. The model value correspond
to the best fit values of the quark sector observables and we use the experimental values of the quark masses at the
On-Shell scale from Ref. [3]].

6.2 Quark masses and mixings

After the spontaneous symmetry breaking of the Lagrangian of Eq.(6.9), we obtain the following 3 x 3 low-scale
quark mass matrices:

Unz/i’;( U<27 ygu) 0 _ ”nz/i’; Vo éu) C 0 A
My 0 — Una bt () 0 = ( 0 A 0 |,
0 0 oy 0 0 B
ey —tapenyld _twera O A B
Mp = 0 vmpvey () vy ()| = (0 Ay By | (6.15)
0 0 () 0 0 By

UpYs3

The matrices of Eq. (6.15)) are non hermitian and we are considering the complex coupling By. However, the

following matrices are Hermitian,

A2+ C%? 0 AB
MyME = 0 A2 0
AB 0 B?

MpM =

A?+ B} +C? AjAy+ B1By, BiBs
A1A2 + B1B2 A% + B% B2B3
B B3 ByBs B3

(6.16)

Considering the unitary matrices MUME (we consider the case where all entries of My are real) and MDMg,
we can fit the quark sector parameters in order to successfully reproduce the experimental values of the physical
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observables of the quark sector. To this end, we proceed to minimize the following 2 function defined as:

O O et O et O et O et

2 2 2 2 2
g Umc Umt O'md Om s

2 2
(mg*? — mzh)2 . (sin Ggg) P _ gin 9%%)&1) . (sin Hég) P —sin Qég)th)
2 2 (6.17)

g
sin Gg) sin Ggg)

2
(sin LD P _ sin Ggg)[h) (Jexp — Jlt]h)Q
+ ; + ,
Jq

sin 95?

where m; are the masses of the quarks (¢ = u,c,t,d,s,b), sin 95?) is the sine function of the quark mixing
angles (with 5,k = 1,2,3) and J; is the quark Jarlskog invariant. The supra indices represent the experimental
(“exp”) and theoretical (“th”) values, and the ¢ are the experimental errors. The best-fit point of our model is shown
in Table[6.3] together with the current experimental values, while Eq. (6.18) shows the benchmark point of the low
energy quark sector effective parameters that allow to successfully reproduce the measured SM quark masses and
CKM parameters, obtaining the following values for our best-fit point:

C=203+427x10"2MeV  A=126+1.10x 1072 GeV B =172.47+0.19 GeV.
Cy = —4.5240.10 MeV A =21.0+0.5 MeV Ay =—91.3+2.1MeV. (6.18)
By =14.3 4+ 0.2 MeV By = (0.181 £2 x 107%)e??% GeV Bz = 4.18 +0.01 GeV.

From Eq (6.13)) for the Up quarks, we can see that the eigenvalues are (C, A, B) and from Eq (6.18)) we have that
C ~ my, A = m.and B ~ my, where only the parameter A is equal to the mass of the charm quark, while the
other parameters are similar, but not equal to the values of the masses of the up quark and the top quark, this is
due to the non diagonal structure of the up type quark mass matrix, which features a mixing in the 1-3 plane, as
indicated by Eq (6.16). The same is true for the down quark sector, however, the structure of the matrix MDM]; is
more complicated than the one of My M{ making it difficult to work with analytical expressions. For this reason,
the entire analysis and diagonalization of the matrices MyM{ and MDMg have been performed numerically,
obtaining the following unitary rotation matrices for our best-fit point,

0.999 0 -0.007

R, = 0 -1 0 , (6.19)
—~0.007 0 —0.999
0.974 0.225 —0.003
Ry=| 0225 09737314 (.043¢0:910i | | (6.20)

0.008¢12%  0.0437224  0.999¢ 314

Fig. we can see the correlation plot between the quark mixing angles sin 0%%), sin t‘)é%) and the Jarlskog
invariant. These correlation plots were obtained by varying the best-fit point of the quark sector parameters around
20%, whose values are shown in Eq. (6.18). The dots in Fig. (6.1)) represent the correlation between each observable

whereas the color background represents different values for sin 0&%) (Fig. ) and J, (Fig. ), the vertical
(green) and horizontal (purple) bars represent the 1o range in the experimental values, while the dotted line (black)

represents the value for the best-fit point of the model. The Fig. a shows the correlation between sin 9%) versus
Jg, for different values of the sin 0&%), where the model predicts that sin 95%) is found in the range 3.4 % 10-3 <

sin 9%) < 4.0 x 1072 in the allowed parameter space and, moreover, it increases when the Jarlskog invariant takes
larger values, whose values are in the range 2.63 x 107° < J, < 3.11 x 107°. The plot, Fig. ), shows a
correlation between sin 05? Versus sin 95%) for different values of J,, in which the first variable takes on a wider
range of values, with a lower limit decreasing while the upper limit remains constant, when the second one acquires
larger values, where we can see that sin Oég) is in the range 3.9 x 1072 < sin Gég) <4.4x1072
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Figure 6.1: Correlation plot between the mixing angles of the quarks and the Jarlskog invariant obtained with our
model. The green and purple bands represent the 1o range in the experimental values, while the dotted line (black)
represents the best-fit point by our model. The black line in the vertical color bar represents the best-fit point of the
model for sin 62 and J,.

6.3 Lepton masses and mixings

6.3.1 Charged lepton sector

The Z) charge assignments of the model fields shown in the Table as well the VEV pattern of the Sy scalar
triplets S, S, and S; shown in Eq. (6.I1)) imply that the charged lepton Yukawa terms of Eq. (6.10), yield a
diagonal charged lepton mass matrix:

me O 0
M= 0 m, o |, (6.21)
0 0 m,
where the masses of the SM charged leptons are given by:
L) Vs,V v Vs,V v L)Vs, v v
me =y )szalxpa My = Yy )%ZGQKP, m, = ys )sz%xp. (6.22)
6.3.2 Neutrino sector
The neutrino Yukawa interactions of Eq. (6.10) give rise to the following neutrino mass terms:
1/ — — L
L= ( /C 7R Nz ) M, | v§ | +He, (6.23)
NC
R
where the neutrino mass matrix reads:
Osx3 mu,  Oszxs
M, = me Osxs M |, (6.24)
Osxz M"T
and the submatrices are given by:
o 0 rie? et v 1 0 0
my,, = Il —ret? 0 1 , sz;L)—X o1 01,
V2A O\ et 1 2\ 0 01
hinve  honvers  honve 02
n = hQNng'Q thULp h2N1)§ A—(; (625)

th’Ug hQN’Ug thup
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The light active masses arise from an inverse seesaw mechanism and the resulting physical neutrino mass
matrices take the form [[168/177]:

M, = my, (M"Y pM T (6.26)
~ 11
MY = —p—<(M+MT 6.27
—~ 11
MP = Sl 5 (M+MT). (6.28)

Here, M, is the mass matrix for the active neutrino (v,,), whereas M, 51) and M, ,EQ) are the sterile neutrinos mass
matrices.
Thus, the light active neutrino mass matrix is given by:

. 2a* (y2 + 2) a(y2+2)—a(y +y2)) —ala(yr+y2) +b(y2+2))
M, = a(b(ys+2)—a(yr +y2)) z (a2 + b2) — 2abys a’z +ab (y1 — y2) — b2yo ,
—a(a(yr +y2) +b(y2a+2)) a®z+ab(yr —y2) — by z (a2 + b2) + 2aby;
(6.29)

where the effective parameters are defined as:

_ YuUpUsT1 4 b Yrlole _ V2hoNveTo
=, A RN nETTAe
Yy vy A Yx Uy
2 2
v2ho N, vahinv
ya =T o= Tt (6.30)

From Eq. (6.30), we can observe that the effective parameters are not independent, obtaining the following
relation,

a=>bre? oy, = yare. (6.31)
In order to fit the effective neutrino sector parameters to successfully reproduce the experimental values of

the neutrino mass squared splittings, the leptonic mixing angles and the leptonic Dirac CP phase, we proceed to
minimize the following x? function:

Am2,%P — Amp2th ’ Am2, P — Amp2h ’ sin? gD xP _ gin2 g(Dh ’
21 21 31 31 12 12

¢ = - ; - " . (6.32)
Am3, Am3, sin2 9§"2)
2 2
.2 p(l)exp .2 n(Dth .2 n(l)exp .2 p(Dth 2
(sm 055 —sin” 054 sin” 6,5~ —sin® 034 (5ep — 5th)
+ 2 + 2 2 )

T in2 0@ T in2 o® T5c
sin? 054 sin? 0,4 Cp

where Am?, (with i = 2, 3) are the neutrino mass squared differences, sin Gj(lk) is the sine function of the mixing
angles (with 7, k = 1,2, 3) and dcp is the CP violation phase. The supra indices represent the experimental (“exp’)
and theoretical (“th”) values, and the 1o are the experimental errors. However, as was done in the quark sector,
the matrix (6.29) is not Hermitian. Even so, due to its structure, the ]\7,]\7; matrix is not simple to work with
analytically, so numerical analysis is also carried out in the neutrino sector. Therefore, after minimizing Eq. (6.32))
using the matrix MVJ\AJ,T, we get the following values for the model parameters:

a = (0.521 £ 0.022)e 39274, b= (1.080 + 0.041)3, y1 = —0.086 £ 0.007 eV,
Y2 = 2.05+0.12eV, z=-230+0.14eV. (6.33)

The diagonalization of the matrix (6.29) gives us a determinant equal to zero, so we obtain the following
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Observable | range | Am2, [107%V2]  Am32, [10-%eV?]  sin?6()/10" sin®6) /1073 sin20l)/10-0  54(°)

Experimental lo 7.507552 2.557003 3.18+0.16  2.200790%9 5.74 4 0.14 19472
Value 30 6.94 — 8.14 2.47 — 2.63 271 —3.69  2.000 — 2.405 4.34—6.10 128 — 359

Fit 1o — 30 7.498 2.54 3.02 2.191 5.93 246.4

Table 6.4: Model predictions for the scenario of normal order (NO) neutrino mass. The experimental values are
taken from Ref. [3]]

eigenvalues:
m? = 0, (6.34)
m% = ((12 (y2 +22) + ab(y1 — y2) + b’z
2
— \/2a2y% (a? + b2) + 2ay2y1 (a — b) (2a2 + ab + b2) + y3 (a? + b?) (3a? + 2ab + b2)> (6.35)
2 _ 2 _ 2
ms; = (a (y2 +22) + ab (y1 — y2) + b°2
2
+ \/2a2y% (a? + b2) + 2ay2y1 (@ — b) (2a2 + ab + b2) + y3 (a? + b?) (3a? + 2ab + b2)> (6.36)

With the values of the parameters of our best-fit point of the Eq. (6.33), we obtain the results of the neutrino
sector that are shown in the Table [6.4] together with the experimental values in the range of 1o and 30, whose
experimental data were taken from [J5]]. In the Table[6.4] we can see that the difference of the square of the neutrino

masses (Am3;, Am3,) and the of solar and reactor mixing neutrinos (sin? 052, sin? 0553)) are in the range of 1o,

while the angle of the atmospheric neutrino (sin® 083)) is in the range of 20 and the CP violation phase (dcp) is in
the range of 3o.

Fig. [6.2]shows the correlation between the leptonic Dirac CP violating phase and the neutrino mixing angles as
well as the correlations among the leptonic mixing angles, where the green and purple background fringes represent
the 1o range of the experimental values and the black bands the dotted lines represent our best-fit point for each
observable. In Fig. we see that for the mixing angles, we can get values in the 1o range, while for the
CP violating phase, we obtain values up to 30, where each lepton sector observable is obtained in the following
range of values: 0.290 < sin?6{) < 0.317, 0.0201 < sin?6{) < 0.0241, 0.584 < sin®6) < 0.603 and
244° < dcp < 248°.

6.4 Scalar potential for the SU(3) triplets.

In this section we will discuss the low energy scalar potential as well as the resulting scalar mass spectrum. As
previously mentioned, the discrete groups are spontaneously broken at energy scale much larger than the scale of
spontaneoys breaking of the SU(3)c x SU(3)r x U(1)x x U(1)r, symmetry, then implying that the mixing
angles between the gauge singlet scalar fields and the SU(3), scalar triplets are strongly suppressed by the ratios
between their VEVs (in the scenario of quartic scalar couplings of the same order of magnitude), as follows from
the method of method of recursive expansion proposed in [[118]]. Because of this reason, the singlet scalar fields do
not have a relevant impact in the electroweak precision observables since they do not couple with the SM gauge
bosons and their mixing angles with the neutral components of the SU (3), scalar triplets are very small. Therefore,
under the aforementioned considerations, we restrict of our analysis of the scalar spectrum to the one resulting from
the scalar potential built from SU(3), triplets of our model, which are the relevant scalar degrees of freedom at
energies corresponding to the scale were the SU(3)c x SU(3)r x U(1)x x U(1)r, symmetry is spontaneously
broken. It is worth mentioning that the most general renormalizable potential invariant under S, which we can
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Figure 6.2: Correlation between the mixing angles of the neutrino sector and the CP violation phase obtained with
our model. The green and purple bands represent the 1o range in the experimental values, while the dotted line
(black) represents the best-fit point of our model.
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write with the four triplets of the Egs. (6.6) is given by

Vo= =20 + 2 i — u2,mine — 12(p"p) + s mapx + M () (X 'x) + A2 ()1 (nn)a

st ) (') + Aartmamtn)z + st (xFx) + s [(nh) (X)), (6.37)
+A7(p"0)* + As('m)1(p'p) + Ao (X"X) (0 p) + h.c,

where 7 is an inert SU(3), scalar triplet, the p’s are mass parameters and s is the trilinear scalar coupling, has
dimensions of mass, while \’s are the quartic dimensionless couplings.

In the de Born level analysis of the mass spectrum of the Higgs bosons and the physical basis of scalar particles,
we must construct the scalar mass matrices of the model. Then substituting the equations of constraintst Eq. (6.44)),
and Eq. (6.6) into the scalar potential Eq. (6.37), the square mass matrices are determined, calculating the second
derivatives of the potential

ov

M2 = 6.38
( 45)1] a¢la¢j " ( )

ov
(M2, = 350 | .

where ¢* = X3, pi, p3, 031, 1152 X2 » P1» P35 M2, Maz» for charged fields and ¢ = &y, &, &, s Enss Cxs G S
Cras XY, m%1, 135, for neutral scalar fields. Due to the symmetry of our models, the matrices of the CP odd and CP
even sectors contain two diagonal blocks, a situation similar to that presented in other works on 3-3-1 models [100],
however, our results differ in higher dimension matrices due to the extra intert field. In the charged sector, we can
obtain a mass squared matrix in the basis (157,733, p1", p3, X3 ) of the form.

P2+ A=A vZ+ 202+ 3802 0 0 0 0
0 AUP'UX Avy 0 0
V2 vnz . V2
M. = 0 B A0 0 (6.39)

Avyv Av

O O xX“n2 n2

V2v, V2

0 0 0 Avyy Avpvg,

V2 V2vy

In sector CP odd, the square matrices in the pseudoscalar neutral basis ((;, , o s Cps Cy)

poy (A2 =203 = M) v, + B0y + oy 0 0 0
M2 = . A Aoy Avy (6.40)
V2 V2v, V2
0 Av, A'Unz AUP”WQ
V2 V2 V2o,

and neutral scalar complex at the basis (Imn3;, Imn3,, Imx?)

2/1,7271 +2 ()\2 - )\4) U7272 + )‘SUZ + ()\5 — )\6) ’Ui 0 0
Milm - 0 \/i%;vx — )‘GU>2< A6 Un, Uy — \/§Avp
0 A6Un, Uy — \/iAvp % - )\6'07272
(6.41)
In the sector CP even, the square mass matrices in the scalar neutral basis (&, ,&p,, &5, Ey)
,um ()\2 +A)v 72, )‘*281}5 + %’Ui N 0 0 0
V,V Av Av
M2 0 f;;zx +2 ()\2 + A4) 'U%Q /\SU'r/Q Vp — TQX /\51}7721})( - TQP
= Avy Avp,v Av,,
S 0 AgUn,Up — Aﬁ \flz X 4 22\71) i‘gvﬂvx - S
0 A5 Uy, Uy — % AgUpty = 5 Tt 2002

(6.42)
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and neutral scalar complex at the basis (Rengl, Rend,, Rex(l))

2,11%1 —+ 2 ()\2 — )\4) ’U?]2 —+ >\8U3 —+ ()\5 + AG) U)2< 0 O
MzRe = 0 ﬁ%ﬁ”* + A0? V2A0, + AgUp, Uy
0 \/ﬁAUp + A6Un,y Uy }/5‘41)“:211;: + >\6'U7272
(6.43)
Furthermore, the minimization conditions of the scalar potential yield the following relations
2 _ Z UpUp A5 o Ao o 2
Px = 2 ;X T U TV ALY
2 _ Z UpUx A8 9 As o 2
M = TR U G et A, 6.4
2 _ 7 UpUx A8 o A9 o 2
Ko = 2 ;p T U T T ATV, -

After spontaneous symmetry breaking, the Higgs mass spectrum comes from the diagonalization of the squared
mass matrices. The mixing angle{] for the physical eigenstates are:

2v/2)\g UL, 02
_ 2 Sl (6.45)

P M2

tana = Uﬂ, tanf = U—p, tanT = 2 , tand = x ,  tan209
Vy Vy Vp v, sinT Uy
The Fig. [6.3] presents correlation plots demonstrating the relationships between mixing angles and physical scalar
masses, these correlation plots have been obtained by varying the point of best fit of the potential sector parameters
around 10%. These plots highlight specific correlations, such as the correlation between the 7 angle and charged
fields, and the correlation between the § angle and charged and pseudo-scalar fields. These correlations provide
invaluable insights into the interactions among scalar fields and enhance our understanding of particle properties and
the relationships between their masses and mixing angles. Moreover, similar correlations were observed for other
mixing angles. The correlation analyses of the mixing angles offer valuable information regarding the underlying

theoretical structure and relationships within the model.

We find that the charged sector is composed of two Goldstone bosons and three massive charged scalars.
Méli = Mézi =0, (6.46)
FUnpUp | ZUnaUx

M? . = + , 6.47
o NI V2o, (6.47)

AUy, U U,V
My = B4+ =2X 6.48
Hzi \/ivﬂ \/51}772 ( )
)\8U2 )\5’02
M = g+ Qo= Xa)of, + =2 + =, (6.49)

The Goldstone bosons come only from mixing between pgt and 772i2, through the angle 7, while XQi is a massive
field charged, the other two bulk fields correspond to the blending of pf and the charged component of the scalar
inert 17551 by blending angle 3, i.e,

GE = cosT pf —sinT 3, GF =sinT pT 4 cosT 13y,
Hi =cosBpf —sinfBny,  Hy =sinf pi +cosfBni, (6.50)
Hy = X3

The physical mass eigenvalues of the CP odd scalars A, A and the Goldstone bosons GY, G9 can be written
as:

Mé? = Mgg =0, (6.51)
AUy, V HUp, U AW
M2, — n2lp | ZUnaUx  ZUpUx 6.52
A \/ﬁvx \/ivp \/ﬁm72 ( )
Ag’U2 )\5’02
Miy = g, Fog, O =20 = M)+ —F + =% (6.53)

IThe symbol 3 is used in the scalar potential for the SU (3), triplets as one of the mixing angles, it is a symbol different from the definition
of the operator electric charge.
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Figure 6.3: Correlations between mixing angles and the masses of the physical charged scalar, neutral
scalar/pseudoscalar fields.

We have the following relationship between the original physical eigenstates:

Gy =cosT (, —cosdcosT (py, —sInT (yy,  GY =086, +8ind ¢y,

AY =sinT (, — cosdsinT (), +cosT (y,, AY =y, 6.54)

where consider the following limit vy >> v, v,,,. The masses of the light and heavy eigenstates for CP even scalars
are given as:

v2 —I—v2) v 1 5
]\42 — J{( n2 P X _ %2 1}2 _ ’U2 ’1}2 _|_ 8)\2’[)4 U4, 655
" 2\/57)172“/) 2\/§Un2vp\/ ( 2 p) X 8%m2"p ( )

v2 +U2) v 1 5
M?2 = %( n2 p) YXx + 22 (v2 —v2) V2 + 82y U4, 6.56
Hy 2\/57)172“/) 2\/§Un2vp\/ ( 2 p) X 8%m2"p ( )

A A

Mg = i+ Qe+ M) v, + Fop + o, (6.57)
Mg = 2. (6.58)

The lighter mass eigenstate A is identified as the SM Higgs boson. The two mass eigenstates h and HY are
related with the §,), and £, fields through the rotation angle ¥ as:

h
HY

12

&n, cos ¥ — £, sin (6.59)
&np sind + £, cos ¥, (6.60)

R

while the heavier fields are related as HY ~ &, and H) ~ &,.

Finally, for the pseudoscalar and scalar neutral complex fields, we have composed the mixture of the Imaginary
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and Real parts of 791, 195, XV, respectively,

Mé,g = Méz =0 (6.61)

M2, = Vax (v"”” + W) — o (V2 +02,), (6.62)
3 Ux Uns

M3, = 2pp, +2 (e — M) vp, + Asv); + (A5 — Ae) 03, (6.63)

M[Q—[‘(Q = V2 (Un;vp + 'UpUX> + X6 (vi + v%z) , (6.64)
X 772

My = 2u2 +2(Aa— M) vp, + Asv2 + (A5 + Xe) v2. (6.65)

In the physical eigenstates, there are two Goldstone bosons and one pseudoscalar massive boson, and a scalar
from the mixture of the complex neutral part of 7 and 7y, while,

GY =sinaImnd; —cosaImn,,  GY = —sina Rend; + cosa Renl,,
Af = cos a Imnd; + sin o Imn?,, HY) = cosa Ren§; + sina Renl,, (6.66)
A} = Imyy, HE = Rexj.

In our model, the physical scalar masses can also be expressed in terms of the scalar mixing angles, as shown
in table @ where the light scalar field h, is identified as the SM-like Higgs boson, additionally six charged fields
(Hi,Hy, HY), five CPeven (HY, HY, HY, HY, HY) and four CP odd fields (A9, A9, A3, A}). Fig.[6.4] displays
the correlatlon between the charged and neutral scalar masses. Fig.[6.4] (a), shows a linear correlation between of
the masses between the charged field and the pseudoscalar neutral field, HE = and AY respectively, in Fig. . (b),
a linear correlation between the masses of the pseudoscalar and scalar neutral field, AJ and HY respectively. The
charged Goldstone bosons (Gli, Gzi) are related to the longitudinal components of the WjE and W’ + gauge bosons
respectively; while the neutral Goldstone bosons (G?, GY,GY, G?l) are associated to the longitudinal components
of the Z, Z', K° and K'° gauge bosons.

Scalar Masses
M2i7 M22i 0
Mi’li Z5avy, csc(fB) sec(B)
Mé; vy cse(T) sec(T)
M 12, 402 (3 4 (e — Ay tan?(a) + 3 tan?(B))
MZ,, MZ, 0
Mi? \’/% csc(T) (vy, cot(d) + vy sec(T))
M, 12+ 02 (3 + (A2 — 203 — Ag) tan®(a) + 38 tan?(B))
M? 375 Ux csc(7) sec(T) (1 + sec(299) cos(27))
M?I? ﬁ”x csc(T) sec(T) (1 — sec(249) cos(27))
M?Ig pr, +vd (22 + (A2 + A1) tan?(a) + 28 tan?(B))
Mflg 2)\le
MZ,, MZ, 0
Mf‘g Uy, csc? (@) (V2 tan(a) — Agvy, )
M1242 2#,71 + ’U ()\5 — X +2 ()\2 — 4) tan ( ) + As tanQ(ﬁ))
Mflg Uy, esc? () (V2 tan(a) + Aoy, )
MIQJQ 22, + 03 (A5 + X6 +2 (X2 — Ag) tan?(a) 4 As tan®(3))

Table 6.5: Physical mass spectrum of the scalars in terms of mixing angles.

In analyzing the scalar sector of the model, it should be noted that in the potential of Eq. (6.37), the quartic
coupling parameters must meet the following constraint |\;| < 47 due to perturbative unitarity. Taking this into
account we can successfully accommodate the 125 GeV mass for the SM like Higgs boson found at the LHC for
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Figure 6.4: Correlation plot between the pseudoscalar neutral, scalar neutral, and scalar charged masses.
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Figure 6.5: Correlation color plot between the trilinear scalar parameter s and the quartic scalar coupling Ag
consistent with the SM-like Higgs mass.

the following VEV values:
vy ~ 9.994 TeV, wv,, ~244.2GeV, v, ~29.54GeV, (6.67)

which yield a mass m;, = 125.387 GeV for the SM like Higgs boson. Note that the Higgs SM boson mass depends
on the trilinear coupling s and the quartic coupling Ag, which is lower than its upper limit of 47 arising from
perturbativity. Fig. displays the correlation between the trilinear scalar parameter s and the quartic scalar
coupling Ag consistent with the experimental values of the SM like Higgs boson mass. Here we have used the
numerical values of the VEVs of Eq. The new scalar fields introduce corrections to the phenomenological
processes that arise in this model and provide more precise determinations of phenomena such as, for instance K
meson oscillations. In the SM-type two-photon Higgs decay constraints, where extra-charged scalar fields induce
one loop level corrections to the Higgs diphoton decay. These phenomenological processes are studied in more
detail in the following sections.

6.4.1 The scalar potential for a S, doublet and triplet

The scalar potential for a S4 doublet 7 is given by

Vi = =g (n" )y + kn (m*)y (00 )y + k2 (™) g (nm*)y + ks (™) (m") 5 - (6.68)
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The components of this expression are characterized by the presence of four unconstrained parameters: a bilin-
ear coupling and three quartic couplings. From the scalar potential minimization:

d(Vp)
Ovp,

= —2g7vy, + 4kyv), + 4ksv), =0, (6.69)

we obtain the parameter g,, as a function of the other three parameters, i.e.
9y =2 (k1 + k3) vy, (6.70)

with k1, k3 € R. On the other hand, the condition of having a global minimum:

0*(Vp
812 > = - 972] + 61132 (kl + kg) > 0, (6.71)
12
gives rise to the followingfollowing inequality:
gz < 602, (k1 + ks), (6.72)

This result suggests that the VEV pattern of the Sy doublet 7 as presented in Eq. (6.13), is consistent with a
global minimum of the scalar potential of Eq. (6.68), in a large parameter space region.

The relevant terms determining the VEV directions of any S scalar triplet are:

Vi = —g3 (Q97), + k1 (), (QQ7), + ka (07), (20%); + ks (202, (2027),, (6.73)
iy (), (QQ7), + Heoc.

where Q = S., S, 5;, ®,¢&.

The part of the scalar potential for each S, scalar triplet has five free parameters: one bilinear and four quartic
couplings. The minimization conditions of the scalar potential for a S triplet yield the following relations:

NV, 4
% = —2¢3vq, + 8kovg, (v%z —|—U§23) + 4kivq, (U?zl + U?zz + U?zg) - §k4UQI (‘2713221 + U5222 + ”5223)
Q1
= O’

NV,
ai};f L= agiun, + Skavn, (v], +18,) + dkiva, (B, 403, +03,) + 2kave, (0B, — ) (674

2

2
+§k4v92 (=208, +vd, +v3,)

NV,
8<UQT> = —2g3vq, + 8kavg, (vh, +v3,) + 4kivg, (vh, +vd, + U?zg) — 2kyuq, (vd, — ”(223)

3

2
+§k4vg3 (721152)1 + 0%2 + U%s)
= 0.
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whereas the condition of having a global minimum gives rise to the following inequalities:

(V- 4
55;2T> - _ 29?2 + 8ko (v?z2 + ’U?)S) + 4kq (31}?21 + US212 + 1%3) + §k4 (6115221 — U?zz — vég) >0,

1951
0 (V-
78512T> =— Qgé + 8ko (1}?21 + Ués) + 4kq (v?z1 + 3115222 + 115223) + 2ky (30?22 — U?Za) +

Qo

4
_ §k4 (115221 — 61)?12 + Ugls) >0, (6.75)

0%V,
# == 29522 + 8k (vél + ,U5222) + 4k (05211 + 1)5222 + 3'05223) — 2k <v5222 - 3U§223)

Q3

4
- §k4 (vd, + v, —6v3,) >0,

From the scalar potential minimization equations. From the first minimization condition we get:

3k + 2k
i, = Sar, (6.76)
9 2 (264i0 (6 (kl + k2) + k4) Til + 4210 (3]€1 + 6ky — k4) 7"% + 3k1 + 2k4) 9
Jp = 3T 662i9T% V3, (6.77)
2(2ky (r2 —1)2 + 3k (r3 +2)2 + 12k (2r3 + 1
o - 23T (322 ik (3 ) .
3(ry +2)

where k = e, 1, 7. This shows that the VEV configuration of the .Sy triplet S, given in the equations (6.11]) and
(6.12)), is in accordance with the scalar potential minimization condition of Eq. (6.74). The other Sy triplets in our
model are also consistent with the scalar potential minimization conditions, which can be demonstrated using the
same procedure described in this section. These results show that the VEV directions for the Sy triplets S, S, S-,
®, ¢ are consistent with a global minimum of the scalar potential for a large region of parameter space.

6.5 Meson mixings

In this section we discuss the implications of our model in the Flavour Changing Neutral Current (FCNC) interac-
tions in the down type quark sector. These FCNC down type quark Yukawa interactions produce K° — K°, By — BJ
and BY — BY meson oscillations, whose corresponding effective Hamiltonians are:

Hyyl= Z“ 7 () O () (6.79)
=S 0100 ) 0
1 —Z“(B ) OY5) (), (6.81)

where
O = (spdp) (5rdy), O = (5.dr) (51dr) O = (5rdyr) (5rdr), (6.82)
o = (drbr) (drbr) o) = (drbr) (drbr) o5 = (drbz) (drbr)(6.83)

O = (3gbr) (Srbr), O = (s.br) (51br) O = (spbr) (51br), (6.84)
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and the Wilson coefficients take the form:

5 2 2
Ths THO 5pd TA05Rd
LB Zhspdr E § : mSrdr  TAJSRAL (6.85)
1 - 2 2 2 ’ .
Mh sia=1 \ HY, Mg
5 4 132 o 20
K hsrd H) spdr AVsrdr
RO = onde N e e ] (6.86)
Mh sin=1 \ HY, a0,
5 4
K?(K) _ ‘rhERdethdR + IHU stLxHynn"'LdR 'IA%ngLIA(BLELdR (6 87)
3 - 2 E : E : 2 - 2 ) :
m m m
h m=1n=1 HY, A9
2 5 .272 _ 2
W(Ba) Lhdrby, n Z Z ( HO drby, AOdeL> (6.88)
1 - 2 2 - 2 ) :
My, m=1n=1 mH?n mA?x
I27 5 4 x2 - 20,
(Ba) hdrLbr HY drbr A%drbr
K$P) = i3S LR ZafiiR (6.89)
My m=1n=1 mHiJn mA?L
x x S A (T, Taos T a05 5 T 05
H(Bd) _ hdrbr hdLbR + HO drbr H?,LdLbR A%dRrbr AgldLbR (690)
3 = § : Z 2 B 2 ’ '
mh m=1n=1 mHi’n mA%
2 5 2 2
H(Bs) . Lhspby + Z Z <$H2LstL xA%stL> (6.91)
1 - 2 2 - 2 ) :
M p=ia= \ HY, a0,
2 5 4 2
_ X X —
H(Bs) o xhsLbR + Z( HY Spbr N A%sLbR> (6 92)
2 - 2 2 2 ? .
m m m
h m=1n=1 H'?n A91
(Bs) xthbehsLbR THO, SRbL‘TH?néLbR ’IAOéRbeAobLbR 6.93
rP) = HEnbeThsibn — - , (6.93)
m=1n=1 HY, AY

where the z;, 5 din effective parameters are the couplings of the physical scalar and pseudoscalar fields &, with

the d.. r-type quarks, with hg = h, H, AY and d.. .t =d, s, b. Furthermore, we have used the notation of section
@for the physical scalars, assuming h is the lightest of the CP-even ones and corresponds to the SM Higgs. The
K — K, BY — BY and B? — B? meson mass splittings read:

Amg = AmEM + Am{Y) Amp, = AmGM + Am ", Amp, = AmG™ + AmG",
(6 94)
where Am(SM AmSiM) and AmSiM) correspond to the SM contributions, while Am! P NP) , Amp NP) and
Am B. NP) are due to new physics effects. Our model predicts the following new physics contributions for the K -K,
BY — BY and B? — BY meson mass differences:
8
Am" = 2 e Bremc [ 400 (9 4 149 (6.95)
8
Amg\ip) ~ gf]23danBBded [réBd) (Ba) T(Bd) (HgBd) + ﬁéBd)ﬂ , (6.96)
8
Am(BI\&/P) ~ §f}235nBsBBsmBs {réBs)Kng) + ,rng) (H(IBS) + Kng)):| ) (6.97)

Since the contribution arising from the flavor changing down type quark interaction involving the Z’ gauge
boson exchange is very small and subleading, the main contributions to the meson mass differences is due to the
virtual exchange of additional scalar and pseudosalar fields participating in the flavor violating Yukawa interactions
of the model under consideration. Using the following numerical values of the meson parameters [?,/106L/107,/178-
181]):

(AMK) oy = (3.48440.006) x 1072 MeV, (Amg)gy = 3.483 x 1072 MeV
fxk = 155.7MeV, Bk = 0.85, nk = 0.57,

P = 93, {5 = 30.6, my = (497.611 £ 0.013) MeV, (6.98)
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Figure 6.6: Correlation a) between the Am g mass splitting and the lightest CP even scalar mass m HY» b) between
the Am g mass splitting and the lightest CP odd scalar mass m A9

(Amp,)y, = (3:334+0.013) x 107" MeV, (Amg, )gp; = (3.653 £ 0.037 £0.019) x 107° MeV,
fs, = 188MeV, Bg, = 1.26, nBy = 0.55,
r{B) = 052, (Bd) =0.88, mp, = (5279.65 & 0.12) MeV, (6.99)
(Amp,)e, = (1.168340.0013) x 107° MeV, (Amg,)gy; = (1.1577 £0.022 £ 0.051) x 10~ MeV,
fs. = 225MeV, Bg, = 1.33, ne, = 0.55,
rB) = _052, r{Be) = 0.88, mp, = (5366.9 + 0.12) MeV, (6.100)

Fig. [6.6] (a) and Fig. [6.6] (b) show the correlations of the mass splitting Am g with the mass of the lightest
CP-even and CP-odd scale m gy and m 40, respectively. In our numerical analysis, for the sake of simplicity, we

have set the couplings of flavor-changing Yukawa neutral interactions that produce (K° — FO) mixings to be equal
to 1075, In addition, we have varied the masses around 20% of their best fit-point values obtained in the analysis of
the scalar sector shown in the plots of Fig. [6.4] As indicated in Fig. our model can successfully accommodate

the experimental constraints arising from (K° — fo) meson oscillations for the above specified range of parameter
space. We have numerically verified that in the range of masses described above, the values obtained for the mass
splittings Amp, and Amp_ are consistent with the experimental data on meson oscillations for flavor violating
Yukawa couplings equal to 10~% and 2.5 x 10~4, respectively.

6.6 Higgs di-photon decay rate

In order to study the implications of our model in the decay of the 125 GeV Higgs into a photon pair, one introduces
the Higgs diphoton signal strength R.,, which is defined as [182]:

olpp = W'(h—=vy) 5 T(h—=v7)
~ ahtt—.
a(pp — h)smI'(h — ¥7)sm L(h = v7)sm

(6.101)

YT
That Higgs diphoton signal strength, normalizes the v signal predicted by our model in relation to the one
given by the SM. Here we have used the fact that in our model, single Higgs production is also dominated by gluon
fusion as in the Standard Model. In the 3-3-1 model o (pp — h) = a},,0 (pp — h)gy» $0 R4~ reduces to the ratio
of branching ratios.
The decay rate for the h — ~~y process takes the form [182H184]:

2

012

m} hHiIﬁU
L(h—y7) = 252“752 ZahffNCQfFl/Q (o) + anww F1 (ow) Z (QHi) (6.102)

k lc
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Figure 6.7: Correlation of the Higgs di-photon signal strength with the charged scalar mass. The red star point
corresponds to the best fit for R, (see Table[6.6).

where .y, is the fine structure constant, N¢ is the color factor (No = 3 for quarks and N = 1 for leptons)
and @)y is the electric charge of the fermion in the loop. From the fermion-loop contributions we only consider the
dominant top quark term. The p; are the mass ratios g; = 4M?/m3 with M; = my, My, My with k=123
Furthermore, C, HEHF is the trilinear coupling between the SM-like Higgs and a pair of charged Higges, whereas
antt and ap o are the deviation factors from the SM Higgs-top quark coupling and the SM Higgs-W gauge boson
coupling, respectively (in the SM these factors are unity). Such deviation factors are close to unity in our model,
which is a consequence of the numerical analysis of its scalar, Yukawa and gauge sectors.

The form factors for the contributions from spin-0, 1/2 and 1 particles are:

Fole) = —o(l—0of(0), (6.103)
Fip(e) = 201+ (1—0)f(0), (6.104)
Fi(o) = —(2+30+30(2-0) f(0), (6.105)
with
arcsin® /o1 forp>1
= 6.106
fo) f% [ln (}fg) - iﬂ] i forp<1 ¢ )

Table@displays the best-fit values of the R, ratio in comparison to the best-fit signals measured in CMS
and ATLAS [6]. In this analysis, the electrically charged scalar fields play a key role in determining the value of
the ratio, while the other fields have an indirect impact through the parameter space involving the VEV (vacuum
expectation values) and the trilinear scalar coupling A, as well as some \;. From our numerical analysis, it follows
that our model favors a Higgs diphoton decay rate lower than the SM expectation but inside the 30 experimentally
allowed range. The correlation of the Higgs diphoton signal strength with the charged scalar mass M HE is shown
in Fig. [6.7] which indicates that our model successfully accommodates the current Higgs diphoton decay rate
constraints. Additionally, it should be noted that the correlation with M HE is similar; however, the correlation is
weaker than for M HE

Model value CMS ATLAS
R,, 0.982+0.08 1.027075 1.0470 50

Table 6.6: The best fit for the ratio of Higgs boson diphoton decay obtained from the model indicates a lower
Higgs decay rate into two photons compared to the expectation of the Standard Model in ATLAS [[6] and CMS
collaboration. However, this value still falls within the 1o experimentally allowed range.
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6.7 Oblique 7', S and U parameters

The parameters S, T', and U basically quantify the corrections to the two-point functions of gauge bosons through
loop diagrams. In our case, where there are three SU(3), scalar triplets that introduce new scalar particles, which
lead to new Higgs-mediated contributions to the self-energies of gauge bosons through loop diagrams. Based on
references [[1 15H117]], the parameters S, T', and U can be defined as follows:

1

T = o M (@) =T ()] o (6.107)
dew s d
S = — ;med Hd()( ) 2:07 (6.108)
4s d
v = a:r: dq [Hn( )_H33 (q2)] 2:07 (6.109)

with sy = sin 6y and ey = cos by, where Oy is the electroweak mixing angle, the quantity II;; (g) is defined
in terms of the vacuum-polarization tensors

Y (¢%) = 9" (¢*) — ig"q" Aij (¢°) (6.110)
where 7, 7 = 0, 1, 3 for the B, W; and W3 bosons respectively, or possibly i, j = W, Z, ~y. If the new physics enters
at the TeV scale, the effect of the theory will be well-described by an expansion up to linear order in ¢? for I1;; (qz)
as presented in reference [[115].

For our 331 model, the scalar fields arising from the SU(3), triplets 1, (k = 1,2) and p provide the dominant
contributions to the new physics values of the 7', S, and U oblique parameters, as they couple with the W and
Z, and then we must take into account the scalar mixing angles. We can calculate the parameters considering that
the low energy effective field theory below the scale of spontaneos breaking of the SU(3)r x U(1)x x U(1)r,
symmetry corresponds to a three Higgs doublet model (3HDM), where the three Higgs doublets arise from the 71,
no and p SU(3)r, scalar triplets. Then, following these considerations, in the above described low energy limit
scenario, the leading contributions to the oblique 7', S and U parameters take the form [119H121}/170lL[1854187]:

2 2 2 2
T = > [(Re)y) Hi ZZZ[(RH)M (RA)aer(mig,mig), 6.111)
a=1k=1 a=11i=1 j=1
2 2 2
>3 Ry (Be) il F (i m?e ) + [(Ra)y (R F (m, Hi)}]
a=11=1 k=1
1 2 2 2 2 ) , )
S ~ Tom ;;; [(RH)ki (RA);W} K (mH,?’mAg’mH,;t) , (6.112)

U~ S+Zi2{ Ra)os (R) i)’ G (mPn 2 ) + [(Rir) s (Re) ) G (mo,m? s ) }66.113)

a=1i=1 k=1

where ty = (167r V2 Qem (M Z))f and R¢, Ry, R4 are the mixing matrices for the charged scalar fields, neu-
tral scalar and pseudoscalars, respectively presented in the Sec. [6.4] Furthermore, the following loop functions
F (m%,m3), G (mi,m3) and K (m},m3, m3) were introduced in [170]:

2,2 2
2 2 o mims mi
F (ml,mQ) = m In <7’n%> s (6114)

6 4,02 2,4 6
—=5m3 + 27Tmims — 2Tmims + 6 (ml 3m1m2) In + 5mS$
2 02y _
mi,ms) = , .
6 (m? —m32)°
1 2

1 2 5
K (mdm3m) = 223{ﬁ@@—mam(ﬁ)ﬂ¢ww—m@m(%)wﬂ@
(m3 —m{) ms s

g i () 5 (- mi)] |
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Figure 6.8: Correlation between the oblique parameters, the blue dashed line represents the central value of the
Ref. [3]] and the star corresponds to the best fit of this model.

Besides that, the experimental limits for .S, T', and U are given in ref [E]]:

Top = 0.03+0.12 (6.117)
Sep = —0.02£0.1 (6.118)
Up = 0.01+0.11 (6.119)

From the numerical analysis, the S flavored 331 model has restricted parameters because the determination of
the new physics from S, T', and U is determined by the physical masses of the model, also within the limit indicated
by the oblique parameters present some correlation shown in Fig.[6.8] we see that the evolution of parameter space
is adjusted within the 1o experimental range. The figures[6.8] (a) and (c) of dispersion involving the U parameter
is produced with values larger than the central one, despite this, the values of U fit within the range of 1o and the
statistical discrepancy is minimal. In the case of the S value, due to the large uncertainty value, the value fits more
naturally, as shown in the figure[6.8] (b).

Our analysis shows that our model allows a successfull fit for the oblique .S, 7" and U parameters, consistent
with their current experimental limits. The obtained best fit point values for the oblique .S, T" and U parameters in
our model are:

T = 0.029+0.009, (6.120)
S = —0.016 = 0.006, (6.121)
U = 0.144+0.04. (6.122)

Our results also suggest that the model favors a larger value for U within statistical uncertainty. While the
values for S and 7' fit within the relative error 0.2 and 0.1, respectively.






Chapter 7

Conclusions

‘We proposed three viable low-scale seesaw models in which the SM symmetry and particle content of the fermionic
and scalar sectors were extended. We obtained values for the fermion masses and mixing in agreement with the
experimental data, where the smallest neutrino masses were obtained by implementing a seesaw mechanism in
the three models. We also studied the phenomenological aspects predicted by each model, analyzing from the
fermionic and scalar dark matter candidates, the leptonic flavor-violating processes, flavor-changing neutral current
interactions, and exploring the corrections given to the oblique parameters.

In the first model, we extended the particle content by adding two scalar fields and six neutral leptons, and
supplemented the SM symmetry global U(1)x symmetry, whose spontaneous breaking produces a preserved Z
symmetry, allowing us to obtain scalar and fermionic dark matter candidates, focusing on the study of the fermionic
dark matter candidate. The six additional neutral leptons allowed the successful implementation of a radiative in-
verse seesaw mechanism to generate active neutrino masses, where the Majorana submatrix corresponding to the
lepton number violating p parameter arises at one loop level. This radiative inverse seesaw model allowed us to
successfully reproduce the experimental values for the observed relic density and to comply with the constraints
arising from dark matter direct detection. In turn, the implications of the model in lepton flavour violating (LFV)
processes were studied, finding the model successfully complies with the constraints arising from these processes
and predicts charged LFV decays within the reach of forthcoming experiments.

In the second model, extensions to the 3HDM and 4HDM theories were constructed, where in the case of
3HDM, an inert scalar singlet was added, whereas in the case of 4HDM, an inert scalar doublet was included. Be-
sides that, several singlet scalar fields were included in both theories in order to have a predictive pattern of lepton
masses and mixings. Besides that, the SM gauge symmetry was supplemented by the inclusion of the preserved Z»
and spontaneously broken S4 x Z, symmetry. In these theories, the preserved Z> symmetry ensures the stabiity of
the dark matter candidate as well as the radiative nature of the one loop level seesaw mechanism that produces the
tiny active neutrino masses, and for the charged fermions, the masses were generated through symmetry breaking
where at first glance, the model seemed to have several parameters, however, due to the symmetry of the model it
was reduced to a few effective parameters, being able to obtain values for the masses and mixing in agreement with
the experimental data in the range of 1o. The extra scalars in our model provide radiative corrections to the oblique
parameters, where due to the presence of the scalar inert doublet, in the case 4HDM is less restrictive than 3HDM.

Furthermore, flavor-changing neutral current interactions mediated by CP even scalars and CP odd scalars give rise

to (K° — FO) and (Bg’S — EZ,S) meson oscillations, whose experimental constraints are successfully fulfilled for

an appropiate region of parameter space. Also, scalar dark matter candidates were studied in both cases, the inert
singlet in the case of 3HDM and the inert doublet in the case of 4HDM, obtaining values for the relic density in
agreement with the experimental data, where the inert singlet provides strong constraints, while the doublet must
have a mass of at least 10 TeV, to be consistent with the experimental data.

In the third model, we considered a theory based on the SU(3)CxSU(3)LxU(1)X gauge symmetry, which was
supplemented by the U (1), x S4 X Z4 X Z} X Z3, where the quark and lepton sectors were analyzed, implementing

an inverse seesaw mechanism to generate the masses of the light active neutrinos, while the masses of the quark

86
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sector were obtained by spontaneous symmetry breaking, allowing to obtain correlations between the mixing angles
and the Jarlskog invariant for the quark sector. Regarding the lepton sector, our model predicts a diagonal SM
charged lepton mass matrix, thus implying that the leptonic mixing only arises from the neutrino sector, where
correlations between the leptonic mixing angles and the leptonic CP violating phase were obtained. We have
found that the considered model successfully reproduces the experimental values for the physical observables of
both quark and lepton sectors within the 1sigma experimentally allowed range. Furthermore, the consequences of
the model in meson oscillations produced by flavor-changing interactions were analyzed as well, finding that the
resulting experimental constraints were successfully fulfilled for an appropriate region of the parameter space. The
charged scalars of our model provide the new physical contribution to the Higgs diphoton decay rate, where our
proposed model favors a 12, value lower than the SM expectation, and within the 30 experimentally allowed range
measured by the CMS and ATLAS collaborations. The extra scalar fields of our model induce radiative corrections
to the oblique S, 7', and U parameters, where the numerical analysis yields correlations between these parameters
and, in addition, their obtained values are within the 1o experimentally allowed range.
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Appendix A

Symmetry groups

A.1 Discrete symmetry groups.

Imagine having an object with a specific geometric shape to which we want to apply a transformation that preserves
the original shape. The set of all transformations that can be performed to maintain the original shape is called the
“Symmetry Group”. The smallest group, in which no action is taken, is called the “Identity” and includes the ele-
ment e.

Before examining some examples of symmetry groups, let us first discuss the fundamental axioms of groups:
Group Axioms

* A group is a set of elements a, b, . . . which can be combined together with ab inside the set.
* (ab)c = a(be).
* The element e satisfies ae = ea = a for all a.

* For each element “a” there is an element ¢! which satisfies aa~! = a~la = e.

A.2 Group Z,

The group Z,, is an Abelian group that represents the rotation group of a regular N-polygon and is a subgroup of
SO(2). For instance, Z5 represents the permutation of two elements, Z3 corresponds to an equilateral triangle, Z,4
to a square, Z5 to a pentagon, and so on. Where the elements of the object are:

{e,a7a27...,an_1}, (A.1)
where a™ = e and e is the identity.

The group Z,, can be represented as discrete rotations whose generator corresponds to the rotation [[174],

Zn = >N, (A.2)

A.3 Group Sy

The group Sy is the group of all possible permutations among the N objects x; (i = 1,..., N) of order N!. Next,
we will see the case for N = 4, which corresponds to the full symmetry group of the tetrahedron or the rotation
symmetry of a cube.
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Figure A.1: The figure shows the S, symmetry of the cube with its different fold axis.

A.3.1 Group 5,

S, are all permutations among the four objects (1, z2, x3, x4) [174]:
(w1, 20,03, 24), — (T4, 25, Tp, 1) (A3)

whose order is 4! = 24, therefore there are 24 possible elements or permutations. In .Sy, we have three types of
rotations, which can be seen in figure[A.T] therefore, we have three generators commonly called S, T and U, where
the generator S is associated with the transposition of the objects 1 and 2 leaving the other two objects fixed, the
generator T is related to the cycle (123), leaving the fourth object fixed and the generator U is associated with the
transposition of the objects 3 and 4, whose matrix representations are:

1 0 0 0 1 0 1 00
S={(0 -1 0], T=10 0 1], U=10 0 1]. (A4)
0 0 -1 1 00 01 0

The operators S, T" and U comply with the following rules:
S§2 =73 =U? = (ST)® = (SU)* = (TU)* = (STU)" = ¢ (A.5)

where e is the identity and the Eq. (A.3)) is known as “presentation”. Therefore, according to this “presentation”,
we can obtain all the elements of the group by combining the products of the generators.

ai:e as: S az : ST ayg: ST?

by : TST? by : T2ST by : U by: T

c1:T? ey TUT? c3:T?°UT cs : TSUT (A.6)
di : T?SUT? dy : TU ds : T*U dy: SUST

er: STU ey : SU es: STUT eq: ST?UT?
f1:TSUS fo: T?SUS fs:SUS™! fi:T?U

Furthermore, we can classify the elements of the group according to their class, where the elements of the same
class must comply with a” = e, so, according to the equation (A.3]), we will have five conjugate classes:

C1:{ar}, h=1,
Cs : {ag, a3, a4}, h=2,
Cs : {d1,dz,e1, €4, f1, f3} h =2, (A7)
Cg : {b1,b2,b3,b4,c1,c2,C3,¢4}, h =3,
Cor : {d3,da, €2, €3, f2, fa}, h=4.

Since we have five conjugate classes, we have five irreducibles in the group Sy, described as: 11,15, 2, 31, 35.

A.3.2 The product rules of the S, discrete group

The S, is the smallest non abelian group having doublet, triplet and singlet irreducible representations. As men-
tioned above, Sy is the group of permutations of four objects, which includes five irreducible representations, i.e.,
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11,12,2, 34, 3 fulfilling the following tensor product rules [174]:

(al) ® (b1> = (a1b1 + agzbz)1, ® (—a1bs + asb1)1, ® <a1b2 + a2b1>
2 \b2/, X

as CL1b1 — a2b2
" by azby aiby
(a;) ® | by = —%(\/galbg + a2b2) ©® %(\/§a2b2 - ale)
2 \bs/,, 3(V3aibs —asbs) ), \=3(V3asbs +aibs)/ 5
a by a1by azby
(a;> ® | by = %(\/gdgbg - a1b2) ® _%(\/gallh + a2b2)
2 bg 3, *%(\/5(1263 —+ albg) 3, %(\/galbii - a2b3) 3, ,
ay b1 —=(asby — azbs)
as ® | by = (a1b1 + azbs + asbs)1, ® (\}(\2/31% + agby Jragbg))
az) g, b3/ g, 6 2
asbs + asbsy asba — agbs
@ | aibs + asby ® | aibs — aszby
ai1ba + asby 3 az2b1 — a1be 3, ,
ay b1 —=(asgby — azbs)
as ® | b2 = (a1b1 + azbs + asbs)1, ® <\}(\£§albl + agbs + 03b3)>
as 32 bg 32 0
asbs + asbsy asbs — agbs
@ | aibs + asby ® | aibs — aszby
a1b2 + a2b1 3, CLgbl — a1b2 3, ,
ar by —=(2a1by — asbs — asbs)
a & b2 = (albl + a2b2 + a3b3)12 @ <\/6 i(CLQbQ — (13[)3) >
as 31 b3 32 V2 2
a3b2 — a2b3 a2b3 + a3b2
@ | a1bs — aghy ® | a1bs + azby
CLle — a1b2 a1b2 + a2b1

31 3z .
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Appendix B

Quark sector 3HDMS4 model

We would like to give more details about the method to diagonalize the quark mass matrix which has been assumed
to be complex. Then, let us start from the M, = O}1m,0, where the m, mass matrix is written in the following
way

‘Aq‘ - |9q‘ |bg ] 0
my = [gq|13xs + |bg| Byl = lgql 1Cq| | - (B.1)
0 |Cyl 0

To diagonalize m,, we just focus in m,. This means, once the latter is diagonalized, the former one will be

too. Given the above decomposition, one obtains M, = OI'm,0, = diag.(juq, , t1g,, f1g;) Where ig, = mg, —|gq|
with ¢ = 1,2, 3. Then, O, is built by means of the eigenvectors X, which are given by

14|14

Xg = N (g, — (|Aq] — 194])] |Cy] . (B.2)
% \[rg: — ([Aql = 19gD)] [1g: — (IBg| — 19q1)] — |bg]

with Ny, being the normalization factors. Due to the orthogonality condition OqTOq =1= Oqu, then one can

obtain the normalization factors.
In addition, some parameters can be fixed by using the following invariants

= 1 oz = 2 =
r (M), 5 [tr (MM, ) = {or (M) | ] L det(My). (B.3)
where tr and det stand for the trace and determinant respectively. As a result, one gets

b \/<|Aq| — myy) (g, — | Ag]) (g, — |A]).

|9q| - ‘Aq‘ ’
o, = (194] — mq,) (l9q] — myg,) (Mg, — |gql) |
! |gq| - ‘Aq‘
Bq = Mgz — Mg, + Mg, — |gq| - |Aq| ) (B4)

As notices, there is is a hierarchy among the free parameters, this is, mq, > |gq| > mg, > |A4| > my, in order to
have real parameters. Finally, O, = (X, , Xg,, X, ), this is written explicitly as

q1s“*q2>
(lgq‘_mql)(qu_‘Aql)("”qg_‘Aq‘) (lgq‘_mqg)("’/qg_‘A ‘) |A |_7”r11 mqg |gq mq2_|A |)(‘Aq‘_mq1)
Mg, Mo, Mgy
o =|_ (I941=1441) (Ig9al=mq, ) (| Aql=mq, ) (I941=1441) (l9a]=may ) (may —|441) (I941=1441) (mag —1g4]) (maes—|4ql)
a Mg, Mo, Mg,
(‘9q|*qu)(mq3*|gq‘)(‘Aq|*mq1) _ (‘9q|*mq1)(mq2 |A‘ mq3*|gq ng‘ mq1 |9q‘ mq2)(mq3*‘Aq‘)
M‘Il M‘IZ M‘IS

(B.5)
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with

Mg, (‘gq| - |Aq|) (Mg, — Mg, ) (Mgs — My, )

My, = (94 = [Aq]) (Mg, —my,) (Mgy —my,)

MQS = (‘gq| - |Aq|) (mlIS - m(h) (mlJ3 - qu) . (B6)

Therefore, the mixing matrix that takes places in the CKM mixing matrix is given by U, = U, /4P ,0, with

q = u,d, then Vogy = ULUd =
Nd; — TNu; -

OTP,0O, where Py =

PP, =

For the up and down quark sector, the orthogonal real matrices are

diag. (e, ¢'Mo2 | ez ) with 7], =

\/(\guvmu)(mrmu|><mtf|Au\>

(gul=me)(m:—[Au)(|Aql=mw)

(mi—|gul)(me—|Au]) (| Au]=mu)

0, = _\/(|gu|—|Au|><|guwﬂ;iumu)<mu|—mu> (\gu|—|Au\>(|gu|—imc><mc—mu|> \/(\gu|—|Au,\>(mﬂzgu|><m—|Au\>
\/ugu\—m»(mﬁ\im(mu\fmn _\/(|gu|—mu><mﬂ:4u|><mtf|gu|) \/<|gu|fmu><|gu\—:m)(mt—mun
(|gd\—mdxms—\fdn(mrmd\) \/(\gu—ms)(mbwdn(mdv ) ¢(mb7|gd|><ms—\fd\mm—md)

o, = _\/(lgd|—\Ad|>(\guA;dmd)<\Ad|— (lgal—IAdl)(gal-rme) (rme—|Ag]) \/(\gd|—\Ad|)<mb—\bgd|)<mb—|Ad\>( 7)

\/(\gd|7m5)(mb7|gd\)(|Ad\7md)
Mg

My (Igul = [Au]) (me = my) (my —ma), M.
My = (|gu| - |Au|) (m _mu) (mt _mc)7 Mg =
My = (lgal — [Aal) (ms —ma) (mp —ms), M

\/<|gd\ ma)(ms—|Ad]) (my—|gal)
M

\/(\gd|*md)(\gd|*ms)(mb*|f4d|)

b

(Igul = [Aul) (Mme — my) (Mg —me) ;
(lgal = [Aal) (ms —ma) (mp — ma);
= (lgal — [Aal) (mp — ma) (mp —ms) .

Having written the above expressions, we calculate the CKM matrix elements which are given as

|VCKM = ‘ (0u)11 (04)y1 + (Ou)g; (04)yy €% + (0u)5; (Oa)s e’ |v
’VC'KM = ‘ (0uw) 11 (0a) 15 + (Ou)ay (Oa)gy €% + (Ou) 31 (Oa) 3y €15
|V%bKM = | (Ou)u (Od)l?, + (Ou)gl (Od)z mq + (Ou)gl (Od)33 ezﬁq |a
|VglKM = ‘ (Ou)12 (Oa)y; + (Ou)gg (Oa)yy "% 4 (Ou)35 (Oa)s3y e |v
’ CrMm| = ‘ (Ou)15 (0a)1y + (Ou)yy (Od)gy €% + (O35 (Og) 3y €1 ;
|Vcc€)KM = ‘ (Ou)12 (Od)13 + (Ou)22 (Od) e + (Ou)gg (Od)33 elﬁq |7
’VgiKM‘ = ‘ (OU)13 (Od)u + (Ou)zs (Od)z e’ + (Ou)33 (Od)Sl e |7
(VErm| = [(Ou)15(0a)1g + (Ou)yg (0d)gy € + (Ou) g5 (0a)s, e'fal;
|Vtcl‘)KM| = ‘ (Ou)13 (Od)13 + (OU)23 (Od)23 emq + (Ou)33 (Od)33 elﬁq |a (B.3)

where &y = 7jg, — g, and By = Tlgs — gy
relevant in the CKM matrix.

. As we already commented, there are two effective phases that are

Now, let us show that the well known Gatto-Sartori-Tonin relations can be obtained in this model. To do this,
we make some approximations on the orthogonal matrix, O,. As can be noticed, the |g,| and |A,| free parameters

could take two limiting values, this is,

| = mg, and |A,4| = myg, or |gq| = mg, and |A,4| = m,,. Actually, some

combination between those limiting cases could be considered, but the CKM mixings can not be reproduced as one
can check. Nonetheless, there is a region in the parameters space where the quark mixing angles are fitted quite

well. With the following values |gq| = mq, —

1mgy Mqy
2 mgq, Mgy
o, ~ _ ey _ My
Mqqy Mqqy
Mgy Mgy Mg,
Mgz Mqqy Mqg

mg, and |A,4| = 2m,,, , one obtains

(B.9)
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One has to keep in mind that ¢ = w, d. As a result, the following relations are obtained

. mq My ;-
AV ~ _ e'%
! CKM e e
!V o~ |ms M4 4 My, me 7/3 ms R
CKM e \ e e
ms m
IO I oW
mp my
me [m mq
V| =~ |=5/—+ Ds ¢ify e g | |. (B.10)
my Vo my ms
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