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Resumen

En este trabajo se discuten algunas nociones fundamentales sobre la construccion de modelos
para fisica de particulas basados en el grupo de simetria 331, y se tratan los problemas de
masas de neutrinos y leptogénesis. Se muestra que en el modelo 331 con neutrinos derechos
es posible obtener masas pequenas para los neutrinos activos a través de los mecanismos
de seesaw inverso y doble, sin necesidad de utilizar sextetes escalares ni tripletes con Higgs
doblemente cargado. Se discuten dos tipos de modelos: si se tiene una matriz de masa de
Majorana grande para los singletes, el espectro de neutrinos presenta masas ligeras, pesadas
y muy pesadas; la otra posibilidad es una matriz de masa de Majorana pequena, que conduce
a neutrinos pseudo-Dirac en la escala de los TeV, adicionales a los neutrinos ligeros activos.
Aun mas, se estudian contribuciones a la asimetria CP en el decaimiento de los neutrinos
pesados, v se muestra que el rango de parametros del modelo es compatible con los valores
que se requieren para explicar la asimetria barionica del universo.

Palabras clave: modelos 331; Fisica mas alla del Modelo Estandar; Masas de Neu-

trinos; Leptogénesis.

Abstract

We discuss some fundamental notions on the construction of models for particle physics
based on the 331 symmetry group, and address the problems of neutrino masses and lepto-
genesis. We show that in the 331 model with right-handed neutrinos, it is possible to obtain
small active neutrino masses via the double and inverse seesaw mechanisms, without the use
of scalar sextets or triplets with doubly-charged Higgs. Two types of models are discussed.
If we have a large Majorana mass matrix for the singlets, the spectrum of neutrinos presents
light, heavy and very heavy masses. The other possibility is a small (zero) Majorana mass
matrix, which leads to pseudo-Dirac (Dirac) heavy neutrinos in the TeV scale, in addition
to the active light neutrinos. Furthermore, we study contributions to the CP asymmetry in
the decay of the heavy neutrinos, and show that our range of parameters is compatible with
the values needed to explain the baryon asymmetry of the Universe.

Keywords: 331 models; Physics beyond the Standard Model; Neutrino masses; Lep-

togenesis.
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1. Introduction

The Standard Model of particle physics is the theory of the strong, the electromagnetic and
the weak interactions. It is a gauge theory, with the symmetry group SU(3)c ® SU(2); ®
U(1)y. The SU(3)¢ symmetry is associated to the strong interaction, which is the interac-
tion among quarks of different colors (there are three colors) and flavors (u, d, ¢, s, t, b),
mediated by eight gauge bosons called gluons; in Quantum Chromodynamics (QCD), the
three colored states of every flavor belong to the triplet representation of SU(3)¢, while the
gluons correspond to the generators of the group. The electromagnetic and weak interactions,
which describe the interactions of charged particles and the nuclear beta decay, respectively,
are unified in the electroweak theory, and are described by SU(2), ® U(1)y. This is the
interaction between left-handed fermions (quarks and leptons), which are doublets under
SU(2)r, and is mediated by four gauge bosons; right-handed fermions are represented by
SU(2), singlets.
Fermions under the SU(3)c ® SU(2), ® U(1)y group are organized as follows:

’ ‘ 1st generation ‘ 2nd generation ‘ 3rd generation ‘ Representation ‘

ol () | () | () | e

baL
UaR UaR CaR taR (37 17 2/3)
DaR daR SaR baR (3a 1a _1/3)
Ly, (V??> <V“L> (VT?) (1,2,-1/2)
er Ky, L
E, ex i TR (1,1,-1)

Since mass terms are not invariant under the symmetry group, it is necessary to intro-
duce a mechanism, called Spontaneous Symmetry Breaking (SSB), implemented using a
doublet of scalar particles where one of the fields aquires a non-zero vacuum expectation
value (VEV) [1]. The electroweak theory is spontaneously broken down to U(1)q (Quantum
electrodynamics, QED) at around 100 GeV. The symmetry breaking pattern is [2]

with

Q=T5+Y, (1-2)
where () is the electric charge, Y is called the hypercharge, and T3 is the diagonal generator
of the group SU(2)r. The SSB leaves three of the gauge bosons massive (W*, Z), and one
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massless (the photon ). It also has a remainder, the Higgs, which is a massive particle that
has not been detected yet.

Although the Standard Model is a highly successful theory [3], it leaves many questions
unanswered on the theoretical side. Some of these questions are [4]: The origin of the charges,
and the question of parity conservation; the “family problem” and the origin of the lepton
and quark mass spectrum; the CP problem, and the origin of matter in the Universe; the
high number of parameters; the problem of quantum gravity and the cosmological constant;
the problem of the hierarchy of mass scales. In what follows, we will refer particularly to two
of these problems: the family problem and the origin of matter/antimatter asymmetry. The
first one refers to the existence of three families (generations) of leptons and quarks, which
is a fact that has been corroborated with the experiment, and the theoretical understanding
of their mass spectrum and mixing angles (and, especially, for neutrinos). The second one
questions the origin of the value of the density of matter in the Universe at the present time,
and whether it is dynamically generated (“Baryogenesis”).

A natural idea for physics beyond the SM, looking for answers to the open questions, is
considering the gauge group as a low-energy manifestation of a larger gauge group. This is
the case of SU(3)c ® SU(3), ® U(1)x, or 3-3-1 models. Here, the number of families can
be understood from the cancellation of chiral anomalies. The aim of this work is to study
the problem of the baryon asymmetry of the Universe, specifically the scenarios known as
“Leptogenesis”, in the context of 3-3-1 models.

1.1. Neutrinos

Neutrinos have played an important role in the evolution of particle physics, and nowadays
the explanation of some of their properties is one of the main goals of models beyond the
Standard Model (SM). In the SM, there are three flavours of massless neutrinos, which
take part in the charged and neutral current weak interaction, and the states that describe
different flavour neutrinos are left-handed (LH), orthogonal, and form a SU(2);, doublet with
the corresponding charged lepton field [5]. The existence of three different flavours is a well-
established experimental fact, and from existing data it is concluded that they are always
produced in weak interaction processes in a state that is predominantly left-handed. We do
not have compelling evidence for the existence of predominantly right-handed neutrinos, and
therefore conclude that they should be sterile, i.e. that their interaction with matter should
be much weaker than the weak interaction of LH neutrinos. Formally, this could be expressed
by describing the RH neutrino as a SU(2), singlet. In extensions of the SM, RH neutrinos
serve in the explanation of masses and mixing, as well as the disparity between neutrino and
charged lepton and quarks mass scales, and the generation of matter-antimatter asymmetry.

Experiments with solar, atmospheric and reactor neutrinos provide evidence of neutrino
oscillations, caused by non-zero mass and mixing matrices [6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18|. Formally, this means that the LH flavour neutrino fields v, (z),! = e, i, 7 which
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enter the expression for the lepton current in the CC weak interaction Lagrangian (weak
eigenstates), are linear combinations of three or more fields v; with masses m; # 0 (mass
eigenstates),

vir(r) = Z Uijvjr(z), (1-3)

where U is a unitary matrix (Pontecorvo-Maki-Nakagawa-Sakata PMNS matrix). Almost
all existing data can be described with at least three light neutrinos, with m; 53 < 1leV and
my # mgy # Mg, but the existence of additional, sterile neutrinos is not ruled out.

In order to give an explanation to the smallness of neutrino masses, basically two types of
models have been attempted: seesaw and radiative corrections [19]. The seesaw mechanism
is often denoted as the most elegant scheme [20], and relies in the violation of lepton number
at a very high energy scale (M), giving a mass with the form m, = % There are three basic
ways of realizing this mechanism: with a heavy right-handed Majorana neutrino coupled to
vy, via the SM scalar doublet (canonical, or type I seesaw); with a heavy scalar triplet (type
IT), or a heavy fermionic triplet (type III). Since the mass scale M associated with the new
fields is very high (~ 102 GeV), these models have the huge disadvantage of not being
accessible to experiments.

Neutrino masses have been treated before in 331 models both as radiative corrections
or in the tree-level: [21, 22] uses B = —v/3 with three Higgs triplets; [23] # = —+/3with
three Higgs triplets and a sextet; [24] B = —1/+/3 with two antisextets; [25] 8 = 1/v/3with
four Higgs triplets and a singlet; [26] f = —1/v/3 with three Higgs triplets; [27, 28, 29]
3 = —1/+/3, three Higgs triplets and a sextet.

Models with 8 = 4+/3 or with a scalar sextet, have the characteristic of including doubly-
charged Higgs bosons, which may or may not be observed experimentally. Some of them
may have a neutral fermion 331 singlet, but it is left out when a RH neutrino can be
accommodated in the third entry in the lepton triplet. In this section, we show an alternative
for generating neutrino mass matrices in a 331 model with 8 = —\/Lg, which does not involve
any exotic charges, neither in the fermionic nor in the scalar sector. With the addition of
331-singlet neutrinos, one can find light neutrino masses within the sub-eV range via the
so-called inverse, double and linear seesaw mechanisms [30, 31].



2. The SU(3)p @ SU (3); ® U (1) x group

2.1. Elements of group theory

A group (G, ) is a set of elements G = {A, B, C, ...}, with an operation called multiplication
(+), such that [32, 33]

1. Closure: If A, B are elements of the set, sois C = A - B.
2. Associativity: 1If A, B, C are elements of the set, then (A-B)-C=A-(B-C).

3. Identity: There is an element E of the set, called identity, such that A-E=FE- A=A
for every A on the set.

4. Inverse: For every A in G, there is an element A, called the inverse of A, such that
A A=A A=F.

Also, if the multiplication is commutative, i.e. —A-B = B - A for all Aand B in G, G is
an Abelian group. If the number of elements in G is finite, it is called a finite group.

A subgroup is a subset N of G, which also forms a group under the same multiplication
law; we denote it N C G. An invariant subgroup is a subgroup N such that for any element
T in N then RTR™! is still in N for all R in G.

Given any two groups G = {G1, Gy, ...} and H = {H;, Hs, ...}, if the G;’s commute with
the H;’s, we can define a direct-product group G x H = {G,;H,}, with the multiplication law
G.H, - G,H, = Gy - G,, H - H,. The study of group structure will be greatly simplified
if we can write a group as a direct product of smaller groups [32, 33]. Each component of
a direct-product group is an invariant subgroup. A simple group is a group that cannot be
written as a direct-product group.

2.1.1. Representation of a group

Considering a vector space V, to each element A of the group G, it can be associated a linear
transformation D4,

Dy: V — V (2-1)

7 o 7 = Duf. (2-2)



6 2 The SU (3), ® SU (3), ® U (1) group

The set of transformations {Dy, ...} inherits all the properties of the group: if A- B = C,
then D,Dpg = D¢. This set is called a representation of the group. A representation is not
unique: if we choose a different vector space, we need another collection of objects. The
dimension of a representation is just the dimension of the vector space on which it acts.

Let {é,}, @ = 1,...,n, be a basis of V; since é, € V, Dsé, € V, so we should be able
to write it as a linear combination of the basis, with coefficients Dia s Daé, = Dﬁaég. We
call Dﬁa a matriz representation of the element D,4. Under the same transformation, the
components of a vector transform as /% = Dﬁaxo‘.

We call a representation irreducible if and only if when {D} acts on V) it does not have
invariant subspaces. When a representation is reducible, it can be put in a block-diagonal
form.

Considering the direct-product V ® V, with basis {é, ® ég}, the element D, can also be
represented as D ,”! 5, such that D4 (6, ® é3) = D, 5 (é,®¢é,). For a vector in V ® V,
we have /% = D Aaﬁnxfm.v ® V' is a vector space of rank two, with two invariant subspaces
(symmetric and antisymmetric); we call Dﬁa the fundamental representation of dimension

n, while D ,*” "is a reducible representation of higer dimensionality (n?).

Apn

2.1.2. Lie groups
Of special interest for applications in physics are Lie groups. They satisfy the following
characteristics [32, 33, 34]:

1. Each element R of the group is characterized by a set of r continuous parameters 6;:
R=R(01,05,..,0,) =R (5) The identity element is taken to be E = R (0)

2. The product of two elements of the group can be considered as a transformation in the
space of parameters: if R (5) ‘R ((5) =R <§> then there exists a function f such that

f: (5, 5) — § = f (5 5) is an analytic function with respect to its variables,
and satisfies: 1) f'(0,6) = f( 0) = fiii) F(8.7(6.€)) = (7 (8.9).€): i)
F(6.7) =0, where (r(3)) " = £ (7).

We are particularly interested in Lie groups with unitary representations, since transfor-
mations in quantum mechanics are unitary operators in Hilbert space [32]. These satisfy

R (5) = exp {—25 f} = R(0) —i0,T; + ..., (2-3)
where
OR
T, =1 — 2-4
=i (2-4)
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are called the (infinitesimal) group generators. For unitary R (5) , the T}, form set of linearly
independent Hermitian operators, and the parameters 65, must be real (notice that both sets
have the same number of elements). In general, for a non-abelian group, the generators
satisfy the commutation relations

also known as the Lie algebra of the group; the numbers Ci’“j are called the structure constants
of the group.

Notice that so far we have dealt with the generators as abstract elements. Just as we
did with the elements of the group, we can have different representations for the generators,
depending on the vector space on which they act. If the set {Dg} forms a matrix repre-
sentation of the group, then from 2-3 we have the matrix representation of the generators
G (Tk) = Gk,

DR:exp{—ig-é}, (2-6)

with

Since Dg, - Dgr, = Dg,.g, implies Dy D% = D% g, the { D%} also form a representation,
the complex conjugate representation. In consequence, the —G73’s also form a representation
of the generators. If G and G}, are equivalent, i.e. if there exists non-singular S such that
SGLS™! = —G; VEk, then the Gy, is called a real representation. Finally, from the Jacobi
identity for the generators and the Lie algebra, it is easy to show that the set of matrices
defined by C7} =i (G;)," also satisfies the commutation relation, i.e. the structure constants
also generate a representation of the algebra, called the adjoint representation, which has a
dimension equal to the number of parameters required to define an element of the group.

2.2. Group SU(n)

We can define a group from its fundamental representation: The group of unitary transfor-
mations (that preserve the inner product) V™ — V(™ with unit determinant is a n? — 1
parameter group and is called SU (n).

SU (n) is a Lie group, therefore it can be represented as

T (A) = e €,
From the conditions of unitarity and unit determinant we find

Al=4A"1 & Gt =q, (2-8)
detT (A)=1 — Tr(G) =0, (2-9)
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i.e. the generators G of SU (n) are n®> — 1 Hermitian, traceless n X n matrices. Of them,
n—1 are diagonal and commute between each other (Cartan Algebra). The generators obey
the normalization condition

1
Tr (GZG]) = §5ija (2_10)
and the Lie algebra
Gi, Gj] = ifijiGh. (2-11)

Now, let us consider different possible representations of the generators. In general, an
element 1 of a vector space will transform under SU (N) as

e (2-12)

Taking infinitesimal transformations, we can check how the components of a vector in a
certain space transform:

Represent. Infinitesimal transformation Representation of Generator
no U= =i |(Ga)] 000 (Ga);
w =i (Ga), 7| 06°, ~(Ga),”?
n@n Y=l =i [(Ga) &+ 0 (G 007U (G 6 (G

ot =ty i | = (Ga) "0y = 85 (Ga),'| 88— (Ga),F ;! =6,k (G’
nen' =0 =i |(Ga)y 0! = 0 (Ga), | 50U, (Ga)'y 85— 5k (C)!
d)lj = Wj - l_TT () 52]'7 Y = \EW]‘ (G,B)jp

Adjoint ;

—i ()"
Yp =g — |~ (fa)”g] 660%, ok

If now we consider the transformations of operators acting on a vector space (e.g. field
operators ¢ in QFT ) under SU(n), we have

" transforms according to n T, {Dl = — (Ga); @?}j

ﬁ}i transforms according to n* . QLZ = — [— (Ga)f] ﬂ)j

ﬁ)ij transforms according to n x n s QLU =— (Ga)/fC 5{ + 6t (Ga)g] ﬂ;kl
@ij transforms according to n* x n* |7y, QZJ,L-]- =— |- (Ga)f 62 —oF (Ga)é. {ﬁjk
1% transforms according to n x n* [ 2213] = — [(Ga)zC 6; + 6 (Ga)é] U,

@Ab is a scalar Aa, {D] =0

2.2.1. Gauge transformations

Under local phase transformations U () of the fields, in order to keep the Lagrangian den-
sities Lp = ¢idy, Lg = (8M¢)T (0u¢) invariant, it is necessary to make the replacement
0y, — D,,, defining the covariant derivative

D, =0, +igA, T, (2-13)
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such that
iD 0] = Dy = 0, +igA, - [T, 0] (2-14)

In the different representations, we have

n: Duzﬁu—igffu-é
n*: DM:3M+iggu-é
nxn: Dﬂzﬁﬂ—igg#--é®f@f®é-
n* xn*: D, =08, +igh, |Golaled
nxn®: Duzau—igffﬂ-_éééf@[@é_

The fields A, are called gauge fields, and their role is to absorb the terms that depend on
the local phases. From the transformation of the covariant derivative, D;, = U () D,U" (6),
we find

! a abc 1 c
Al = AS 46 () A f + 58“9 (), (2-15)

with ¢ = 1,..., N2 — 1, i.e., there are as many gauge fields as there are generators and
parameters. They transform according to the adjoint representation.

2.3. The 331 group

We want to formally construct an extension of the Standard Model group, SU (3), X
SU (2), x U (1)y , symmetric under the SU (3), x SU (3), x U (1) group, and that will
be called 331 for short. The color sector SU (3), is the same as in the SM, so we will focus
on the extension of the electroweak sector, namely SU (3); x U (1) . The construction is
based on the formalism introduced above.

2.3.1. SU(3) ® U(1) generators

Using n = 3, we have that the generators G' of SU (3) in the fundamental representation
are 8 linearly independent, Hermitian, traceless 3 x 3 matrices, with 2 of them diagonal. In
some basis, these are the Gell-Mann matrices,
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1 [0 1 0] 1 [0 —i O] 1 1 0 0
G1:§ 1 00 ; G2:§ 1 0 O, G3:§ 0—1 0 5
0 0 0] 10 0 0] 0 0 0
1'00 17 1'0()—2" 1'000
G4—§000, G5:§OO 01, G6—5001 )
(1 0 0] e 0 0] 01 0
1 [0 0 0 1 1 0 0
Gr=-10 0 —if, Gg=——=10 1 0 (2-16)
2lo i o 2V3 15 o 2
They are normalized as
1
Tr (GaGg) = E(Sag, (2—17)
and follow the Lie algebra and anticommutation relations
(Ga, Ggl = i1 fop,G, (2-18)
1
{Gm Gﬁ} - §5a6 + daﬁva (2’19>

where the constants f,3, (antisymmetric) and d,s, (symmetric) are presented below.

afy

2d

apy

2d,

aBy  2fapy apfy apfy
123 2 | 118 2/4/3 | 366 -1
147 1 | 146 1 | 377 -1
156 -1 | 157 1 448 —1/4/3
246 1 | 228 2/V/3| 558 —1/V3
257 1 247 -1 | 668 —1/V/3
345 1 |26 1 | 778 —1/V3
367 -1 | 338 2/V/3| 888 —2/V3
458 V3 | 344 1

678 /3 | 355 1

Now, in order to find the generator for the group U (1), Gy, in the same representation,
and thus construct the direct product group, we require a 3 X 3 matrix, with the same
normalization condition, that commutes with all the matrices above. We find that it is
proportional to the identity,

Go

(2-20)

51~
o O =
O = O
— o O
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2.3.2. Subgroups U(1)g and SU (2), @ U (1),

In order to construct a gauge model based on the group SU(3)c ® SU(3), @ U(1)x, we need
to ensure that it describes the electromagnetic interaction, which is done demanding that
the sector SU(3), ® U(1)x contains the subgroup U(1)g. The generator () is constructed
as a linear combination of the diagonal generators of SU(3), ® U(1)x, and is defined as

Q=T+ BTs+ XI, (2-21)

where T3 and Ty are diagonal generators of SU(3)r, X is the quantum number associated
to U(1)x and is related to the free parameter 8 [35, 36]. In the 3 representation,

1, 8
§+m+X 0 0
Q= 0 —3t+ i+ X 0 . (2-22)
5
0 0 —Z+X

This generator is known as electric charge, and the coefficients are chosen to agree with
the charges of the fermions assigned to the model (in units of e, the electric charge of the
electron).

Furthermore, we demand that the group of the electroweak SM, SU (2), ® U (1), , should
also be contained in the 331 group. This is accomplished by noting that the subset of
generators

010 0 —i 0 1 0 0
Ai=311 0 0|, A=3]i 0 0|, A3=3[0 -1 0], (2-23)
000 00 0 0 0 0

are normalized as Tr (AyAg) = 304s, follow the Lie algebra [A,, As] = ieqp, A, and anti-
commutation relations {A,, A} = 3043, i.e., they are the generators for the SU (2), group
in the 3 representation. Finally, the sector U (1), can be constructed from the generator Y,
also known as hypercharge, given by

Y =Q - Gs. (2-24)
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2.4. Fermion representations

Fermions are organized in irreducible representations of the symmetry group. In the case of
the 331 group, quarks (¢) and leptons (/) can be in the following representations:

. iL:(3,3,X)=(3,2,X) e (3,1, X}

by = ?L ( ) = ( )& ( q) (2-25)
Ip: (1,3, X)) = (1,2, X))o (1,1, XF)

. 7 (3,3, — =(3,2*, — X~ 3,1, —X*t

¢L: ?L ( ) (7 ) q)®(a ’ q) (2-26)
Iy (1,3*,—XIL) =(1,2*, - X/ o (1,1,-XF)

. ir: (3,1, XE

Dr = ?R ( q) (2-27)
lr: (1,1, X[)

where the notation (,, ) indicates the representations under the SU (3), and SU (3), groups
and the charge under U (1), respectively; (3,2, X), (1,2, X) corresponds to the embedding
of the SM particles and (3,1, X), (1,1, X) is associated to particles beyond the SM. Both
possibilities 3 and 3* for SU(3), multiplets are included in the flavor sector since the same
number of fermion triplets and antitriplets must be present in order to cancel anomalies [35].
One way to achieve this is choosing two quark families in one irreducible representation 3
(3*) and the other family of quarks and the three leptonic families in the representation 3*
(3). This way we guarantee a vector representation of fermions with respect to the SU(3),,
group, i.e. a model free of chiral anomalies.

The charges are assigned according to the representation. For left-handed fermions in the
3 representation, the charges come from the diagonal elements of the matrices

1 B L
2Tt 0 X
QL = 0 3+ 55 T XL 0 : (2-28)
B L
I 0 0 —E+ X))
5+ 55 + X[ 0 0
QF = 0 3+ + X 0 , (2-29)
B L
I 0 0 — &+ X!

and with opposite sign for 3*. For the right-handed sector,

QF =XF, (2-30)
Qr = X/, (2-31)
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2.5. Representation of gauge bosons

Gauge bosons associated to the group SU(3), transform according to the adjoint represen-

tation:
W, = W;‘Ga
3 1 8 1
| (Wi + W \/§Wl1j V2K
== | Vaw, o W W x/§2K,§22 (2-32)
-1 —Q2 8
\/EKH © \/EKH N _7§W#

The gauge field associated to U(1)x is represented as

B, = I3.3D,, (2-33)
and the charges
0 Q=3+
Qw = -1 0 Q2 = _% + @ ’ (2-34)
L1 VB8 1 VB 0
2 2 2 2
Q=0

We have three gauge fields with ¢ = 0 (that combine to form the photon and Z, Z’
bosons), two fields with Q@ = +1 (W*) and four fields with charges that depend on the
choice of § (K79, K@)

2.6. Scalar representations

One of the characteristics of the SM, that is also translated to 331 models, is that mass
terms for both bosons and fermions are not invariant under the gauge symmetry group. To
generate such terms we use the Spontaneous Symmetry Breaking (SSB) mechanism [1]. This
mechanism is implemented introducing scalar fields that may acquire vacuum expectation
values (VEV); this leads to a degeneracy of the ground state that needs to be lifted by
choosing only one, which means that the initial symmetry no longer remains. The set of
generators that are left unbroken, i.e. that leave the ground state invariant, correspond to
a subgroup of the initial symmetry group. In the case of 331 models, the SSB follows the

scheme
SUB)L@U)x =5 SUQLeUl)y =2 Ul (2-35)
- 5 broken b

9 generators 4 generators 3 broken 4 generator

Interaction terms between scalar fields and fermions or gauge bosons lead to the required
mass terms after the SSB. In our case, after the transitions we have one massless gauge
boson (photon), and eight massive (three weak and five exotic). The generators that should
be broken each time impose a restriction over the possible scalar fields. Also, since fermion
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masses come from Yukawa terms in the Lagragian, which must be 331 invariant, we find
that the scalar fields ® can only be in certain the representations of the symmetry group.
These conditions will be explored below.

2.6.1. Conditions
First transition: SU(3), @ U(1)x — SU(2), @ U(1)y

In the first transition the VEV’s of ®; break the symmetry SU(3),®@U(1)x/SU((2),@U(1)y
where the hypercharge is defined as

Y = Ts + X1, (2-36)
The conditions that should be satisfied are:
7/'\'4L’ <(I)1>0 7£ O
,-Z/—\'5La <q)1>0 7é 0
L | TE (@1)| #0 (2-37)
TE, (®1),] #0

5f8L - Xf, <(I)1>0 ?é 0

_f1L7 <(I)1>0_ =0

_j-;Lv <(I)1>0_ =0

_f?)La <q)1>0_ =0

BTE + XT,(®y),| =0

Five bosons acquire mass. In order to preserve the number of degrees of freedom, at least
five components in ®; should represent the Goldstone bosons.

Second transition: SU(2), @ U(1)y — U(1)g

In the second transition the VEV’s of @, break the symmetry SU(2), ® U(1)y/U(1)g. The
conditions that should be satisfied are:

_TlLa <<I)2>0

[Qa <¢)2>0] = 07 :,-Z/—\'2La <<I)2>0

TF = (BT + XD), (@2),] £ 0

£0

£0 (2-38)

[ I Ry —

)

Three gauge bosons acquire mass; $, needs three components associated to the Goldstone
bosons.
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Yukawa terms

The scalar fields have to be coupled to fermions by Yukawa terms invariant under SU(3); ®
U(1)x. Therefore

Vi 3 @led=1= &=3
G )P eI ed=1= P=3R3=306,
Vr(Wp) P @ 101d=1=d=1,
(Tﬂ—R)c(iﬂiL)Cd) P 1e3Ied=1=>o=23. (2-39)

In order to generate the masses of the fermions, the Higgs bosons should lie either in the

singlet, triplet, antitriplet or sextet representations of SU(3),. The singlet representation is
not viable, since it does not allow the breaking of generators mentioned before.

2.6.2. Representations for the first transition

Triplet representation 3

Xo=1| Vv |- (2-40)

By demanding the conditions for the first breaking, it is found that the vacuum should be
aligned in the following way:

0
X)o=1{ 0 (2-41)
Vs
with the condition
s
XX — % = O, 5 % O, VX3 7é 0. (2—42)
Antisymmetric representation 3*
0
(X") = 0 (2-43)
UXS*
with the condition
Xy p =0, B#0, vy #0. (2-44)
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Symmetric representation 6

- Vy Vo Vg
<Sl]>0 = Vg V4 Vp s (2—45)
Vs Vs Vg

We get

(S, = (2-46)

o O O
o O O
(@]

Vg

with
B

Xy —
S \/g

=0, B#0, vg#0. (2-47)

2.6.3. Representations for the second transition

Triplet representation 3

B=% B=—7 b+ %

T
=
0 Vo, 0 Vp, 0 Vp,
{p)o Vo, 0 Vo, 0 Vo,
0
B

o

VP3

A
W=
win

Qs=| —3+ % + Xo (2-48)

Antisymmetric representation 3*

B=% B=—7 b+ +

\1[
0 Vp; 0 Vpi 0 Vpi
(P )o Vo3 ( 0 Vo3 ( 0 Vo3 0 )
U 0 0 U pr 0 0
% _B_

o

3

AN
Wl
wIN

Q= | 3—32%— X (2-49)
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Symmetric representation 6

p <pij>o Xii g (r”) X i
0 vy vs 0
\/ig vy O ) —% V3 V4 0
vy 0 0
0 0 0
0 vy 1/5) % 0 -1
0 vy vg 0
vy O 0
0 0 ) -2 0 3
0 0 Us
vy, 0 v 0
-5 0 0 o) —: | —V3 0 0
vy 0 v Vs
Vg 0
vy 0 V) % 0 0 —%
0 vs O vy 0 0
0 0 0 0 0 O
0 vy 0 2 0 vg O 1
0 0 0 0 0 O
7+ V3
Pij>0
vy 0 0
0 00 —
0 00
0 0 v
0 0 O ) -
vy 0 0
0 0 O
0 vy 0) 3 -
0 0 O
0 0
0 Vs %1
0 0
L+ 2+ Xois ﬁ;X@J - 2=
= 755—}— Xopii —11 -+ gg + Xopis —ﬁ—
—m—l—qu 5—7§+qu 73



3. 331 models with right-handed
neutrinos

Using the formalism of the last chapter, we are able to build a particle physics model that
respects the gauge symmetry SU(3)c ® SU(3)r, ® U(1)x. However, it is not possible to
identify a unique version, therefore we have to impose some conditions such as

e SM as a subgroup: Since we know that the SM is a good theory for low energies, any
new model should contain at least the phenomenological particles (3 families of up and
down quarks, charged leptons and neutrinos; doublets SU(2), C SU(3).), and the
known interactions among them.

e Fconomy criterion: We have to restrict the number of extra fermions in order to avoid
introducing many free parameters.

e (Clancellation of anomalies: This is a necessary condition for a renormalizable theory.
e Conjugation criterion: The model must include all the fermionic degrees of freedom.

e Spontaneous Symmetry Breaking (SSB): It must have an adequate scalar sector to allow
a S5B according to the scheme 3 -3 —-1—-3-2—-1—3—-1.

e Masses: Extra particles (new physics) should be heavier than SM particles, so that in
principle they should be hard to detect in current experiments.

Even after imposing such restrictions, there is still a big family of viable models. In this
chapter, we present the particle content and terms of the Lagrangian relevant for leptogenesis
of one of such viable models. We follow the work of [37, 38], which constitutes a very
comprehensive review.

3.1. Particle content

We consider a 331 model with § = —\%. The leptons are accommodated as follows: a triplet

l1,, which includes the SM doublet in its first two entries and an exotic RH neutrino I/g(i) in
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the third; a RH charged lepton singlet eg; and a RH neutral singlet Ng.
=19 | ~ (1, 3, ——) : (3-1)
cti) 3
VR
6&? ~ (Lla_l)v (3—2)
Ny~ (1,1,0), (3-3)

where the index ¢ = 1,2,3 represents the family (omitted from now on), and the symbol
~ refers to the representation under the SU(3)c ® SU(3), ® U(1)x gauge group. For the

quarks, we have

Dy

~ (3,3%,0), (3-4)
N (33%) (3-5)
N (31%) (3-6)
N (3,1,—%), (3-7)
N (31%) (3-8)
N (3,1,—%), (3-9)

with m = 1,2. The fermionic content (3-1-3-9) is anomaly free [39, 36]. From here on, we

will focus exclusively on the leptonic sector. For the scalar sector, we have three triplets

131
7737

X!
Xo
V2

V2
R
3

o

V2
ps

vx+HEXFE Gy

vpF+Ep+i ¢,

Un +En+i <TI

~ (173,
~ (1,3,

1)

1
3 Y

(3-10)

The SSB follows the scheme SU(3), ® U(l)X&SU(Q)L ® U(l)yMU(l)Q, where the
vacuum expectation values satisfy v, > v,, v,,.
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3.2. Scalar sector

The most general potential that we can construct with three scalar triplets is:

Vi =2 + m2(n™n) + 120" p) + f (ximjore™™ + Hoc.) + A(xTx) (xx)
+2(0") ("p) + As(n'n) (') + Aa(x™X) (p'p) + As(xTx) (n'n)
+X6(pTp) (') + Az (xX'n) (n"x) + As(XTp) (p'x) + Ao (p'n) (1 p). (3-11)

For g = —% we could write the additional terms

Vs = m'n+ He)+ MolxX')(x'n+ Hee) + Ma(nfn)(n'x + H.c.)
+A12(p"p) (X" + H.c.) + Ms(x"nx"n + H.c.) + Ma(p'xn'p + H.c.). (3-12)

Although those additional terms would modify the mass matrices in the scalar spectrum
introducing the new parameters ji,, A\1p_14, they do not add to the predictability of the model,
in the sense that we would still have the same number of Higgs and Goldstone bosons with
similar mass and mixing structures, but with an enlarged number of variables to fit. An
elegant mechanism to get rid of terms in (3-12) would be to introduce a discrete symmetry
&E— & n— —n, p— p, plus the condition A3 = 0; however, it leads to a poorer Yukawa
sector which is defeating to the goal of this work and thus will not be implemented. For the
sake of simplicity, we only present the mass eigenstates for the potential (3-11) in table 3-1
[35], keeping in mind that adding (3-12) does not have significant implications for the main
results of following sections.

From %Llf) = 0, we obtain the following expressions for the masses p*:
IR L P U
X \/§UX x1 2 9
2 2
V,0 ViAs VS Ag
M% = _M_U?])\g_X__P_’
\/51},7 2 2
2 2
2 Joguy 2 Ux>‘4 Un)‘ﬁ
= = -Vl - - —— 3-13
Ho \/§vp o2 2 2 ( )
Recall that for a real scalar field
1
L= V= %, (314
while for a complex one,
—Lyy =V, = m2¢l . (3-15)
Then, we compute the mass matrices as
0?Vy
M? ) = ——— 3-16
0%V,
Mjp(complex) = ————| | (3-17)
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3.2.1. Real sector: basis ¢, ¢,, §,

In the basis ({’X, Ens fp) , the squared mass matrix is

41))2()\1 _ Y2 upvp \/§fvp + 20,0, A5 \/§fvn + 20,0, A4

Ux
ng’fn’gp = \/§fvp + 20,0, A5 47)727)\3 — ﬁ’;—:w" V2fu, + 20,006 | - (3-18)
V2fu, + 20,0 A V2, + 200,06 402Ny — ﬁ{)—”p"”"

In a first approximation, we consider the quadratic terms in vy, taking f ~ v, > v,,v,. We

have left
4v)2<)\1 0 0

0 L g | (3-19)
0 \/§fo _ﬂj;znvx

We see that a field proportional to &, is decoupled, with mass

M,%,g = 4dvl\, (3-20)
HY = &, (3-21)

Considering the remaining matrix (full)

) ( 4vi g — ﬁ{}—:’”’* V2fv, + 20,0,A )

M, = 3-22
Snbe V2fv, + 20,0,A 4112)\2 — —ﬁ{)zn”" ( )

we can use the relations already known for 2 x 2 symmetric matrices; we have the following

eigenvectors and eigenvalues:

h’ = cos(a)¢&, +sin ()€, (3-23)
H® = —sin(a)¢, 4 cos (@) €, (3-24)

4 ()\31}3 + Uﬁ)\ﬁvf] + U;l/\g)

M7, = e : (3-25)
M2, = - V2f (v +02) ij (3-26)
VU,
with ,
tan (2a) = % (3-27)

Note that we get two heavy Higgs fields (H°, HY), and one light (h°) with mass Mo ~ v.
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3.2.2. Imaginary sector: basis (,, (,, ¢,

In the basis (CX, Cps Cp) , the squared mass matrix is

_ V2fvyu, —\/ifvp _\/§va77

Ux
2 _ \/5 Vo
ME cco=| —V2fv, ——{,,,,p < —V2fu |,
—V2fv, —V2fvy _ﬁ{)_vpnvx

with
2 _
Det[M¢ ¢, ¢} =0.
It has two eigenvalues that are canceled, and one nonzero. In the limit f,v, > v,,v,, the
solution of the eigenvalue problem is

MZ, = 0, (3-28)

Mz, = 0, (3-29)

M3 = —\/ZZ Pt _ ﬁi Pnte _ \/5{] X~ V2], (% + %) L (3-30)

n X p n o

Gg = Cl (_UXCX + UpCp) ~ _CXJ (3-31)

G = Oy (—vivd, + vy (V) +02) ¢, —v,03¢,) ~cos(B)¢, —sin(B)(,, (3-32)

A = (O (vpvn(’x + v,0, ¢,y + vanCp) ~ sin () ¢, — cos (8) (,, (3-33)

with
tan 8 = % (3-34)
n

(=) =)
3.2.3. Sector (); = 0: basis X(f, Ug

In the basis (x¥,79), the squared mass matrix is

L (o2ae = YY) L (00 — V2 1,)

M2, o = : (3-35)
W\ S (oo = V2Fu,) f (0 — Y
with
Det[Migmg] =0.

The solution of the eigenvalue problem is

Mé(l) = 0, (3-36)
—1 ) v (U2 + 'U2>

M2, = —= oy X Ap—L X2 3-37
R ) R 0
GY = Ci (—vex) +oms) = —x7, (3-38)

HY = O (%X? + ang) ~ ng. (3-39)
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3.2.4. Sector (), = —1: basis Xgi, pgi

In the basis (Xét, pgt) , the squared mass matrix is

2 <UZ>‘8 - %) 3 (Vi As — V2fvy)

MQi L= X ,
S\ L (v — V2fu) 4 (v2hs - Y2
with
Det[Mii pi] = O

2 F3

The eigenvalues and eigenvectors are

Mg = 0, (3-40)
—1 v, v (v2 +v2)

M?, = — Lo X ) g X 3-41

Hy ﬂfvn (Ux i Up) o 2 7 ( )

G2jE = () (_UXXZi + Uppizst) ~ _XQia (3-42)

Hy = Gy (vyxg +vyp3) = ps- (3-43)

3.2.5. Charged sector: basis 75, p7

In the basis (nf, pf) , the squared mass matrix is

3 (02)‘9 - ﬂ];:pvx> % (vnvp)‘9 - ﬁf“x)
L (oo = VEFry) § (v — 2 )

with
Det [Msg:wit] =0.

The eigenvalues and eigenvectors are

MZ: = 0, (3-44)
1 v, (v2+02)
M2, = = ) Ng—Pr /. _4
H* \/Efvx (vn + vp) A (3-45)
G = Ci(—vymz +vppi) = —cos (B) ny +sin (8) p, (3-46)
H* = Gy (v +vypy) = sin(B) ny + cos (8) pi (3-47)

3.2.6. Summary

In the table 3-1 we summarize the results of this section for mass eigenvalues and eigenstates

in the scalar sector.
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Table 3-1.: Mass eigenstates of the scalar sector in the 331 model described. tan g = Z—Z

H)=¢, My = 40y

10 = cosa, + sina, A2, — 4(/\3vf,+jgiigi+vﬁ>\z)
H0:—sina§n+cosa§p M12-10 :_W

A® ~ sin 3¢, — cos 3¢, Mo ~ —V2fvy (UP ;)

HY ~ n} My = Ffop (32 + >+A .
Hf ~ pf My :fo"( )J”\ ne

'U
H* = sin ny + cos Bpy . M§i=ﬁfvx(;}*” U”)+>\

3.3. Yukawa Sector

G° ~ cos B¢, —sin B¢,

~ —Cy

G~ —x}

+ +
G ~ —X2

Gt = — cosﬂngt + sinﬁpli

The Yukawa Lagrangian plus a Majorana mass term for neutrinos Ng, is:

M2y =0
M2, =0
M2y =0
M2y =0
Méi -

. , ) 1 R
~Ly = hyel.per + W XNp -+ hyl.gNp + 51y (T2) ()" peape + S MeNpN§ + H.c.; (3-48)

expanding the triplets we are left with

= ()

V_L<UT] + Zgn + gn)

V2

"’hn (@772_ +

_|_

et +u%p;) c

Eng) Nr

+hy (@@ + oy} +

VG (vy + 4G, + EX)
72 ) N

+§hp (ﬁpIVR —€rps Vf +VLps 6? —v§prer

C

+V%(Up+igp+§,0)l/g ﬁ(vp'f'ig +§p)VR

V2

1 N
+§MRNRN1§ + H.c.

i)

Finding the VEVs of the scalar fields, from the above Lagrangian we get

v
I
_‘Cm —

1 — 1
+EUXV%hXNR + Evﬂﬁh”]NR +
We define the mass of the charged leptons
M, =-Lh

\/5 pes

—Lerhyee —Lvy_hu +L
\/ELpeR 2\/§pr]% 2\/§
1 __

~MgrNRN§ + H.c.

2

— ¢
vV Rh, VT

(3-49)
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and we can assume that it is already diagonalized (with h,. = h;e).

Henceforth, we will focus on the neutrino sector. Using the relations

DiMop = (6p) M (1), (3-50)
[T @)} = @M, (351)

and adding the Hermitian conjugates, we obtain for the neutrinos

— (wv,ht vl v b th hv h, Ngv
—rvo= O£ pyc P C+ " N C — [ 2P Lyp+ R7n Ny
m L< L 4\/’ T R Ty s

_I._
NG 4\/ 2y2 "
[ vty “ph/t “xh; c\ oo [ e . vohy 0 Ity
+v — Ng | +vR I+ N
R(zM At e w2t et et

— (vyhf hi Mg vl hT MT

Ao NCRCEN oA

or in matrix form

vphy  wphy  wphy
1 , . 2v/2 2V2 \/}? vy
v C — vph’ voh vy h
=5 (V) R N )| MEouh o nk v | + e (352
vnh; thL M NR
V2 V2 R

3.4. Neutrino mass matrices

Rearranging the terms involving neutrinos in (3-52), we can write for the neutrinos

VL
1/ — _
L= ( v vr Ng )M S | + He, (3-53)
2 NC
R
with
0 vphl'  vnh}
. V2 V2
M = ;5 0 J’% : (3-54)
V. hJr ) hJr
T_
where we have defined h;, = % This mass matrix has a similar structure to some worked

previously in the literature [40, 30], considering the restriction v, > v,,v,. Notice that the
Majorana mass, Mg, is non-restricted so far; it could be in a smaller or larger scale than
the VEV’s. Nevertheless, the diagonalization of the matrix M as presented leads in first
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approximation to a light neutrino mass

UpV " -1 « -1
M = = () ()7 h () 1))
v? . -1 -1
+éh’p (nl) " Mg (RL) R (3-55)

Notice that both terms depend on the antisymmetric matrix hfo, therefore, the symmetries
in the Lagrangian must be such that the Yukawa coupling term between v, and N does not
cancel. Furthermore, it should not be symmetric. On the other hand, we can set to zero the
13 entry of the mass matrix by using a discrete symmetry and we would still have tree-level
masses for the lightest neutrinos.

The matrix Mg sets a scale for the breaking of lepton number; if Mz < v, vy, vy, then the

fields 7§ and x{ could acquire VEVs [24], say, v}, v/,. Their values are restricted since they

/

are also involved in the mixing among the exoth quarks and ordinary quarks of the same
charge, thus in flavor-changing neutral-current processes; to keep a consistency with the
effective theory, it is safe to impose the constraints v; < vy, v, < v, [27]. Now, for neutrino
masses, to include these terms we would have to do the substitutions thL — thL + U%h:g,
vphlt — wphl 4+ v Al in (3-55). Since we expect Yukawa matrices to be roughly of the
same order, in cases where we keep the terms with both h, and h, (such as cases 1 and
3 below), we can safely neglect the extra terms. Now, if some extra symmetry cancels the

terms with h, (e.g. case 2 below), we would only have the substitution vnh:g — v;h;f(; then,

instead of the first term in (3-55), we would have —\%—Z’; (hfo* (hL)_l hl + h (h;r()—l hg) -

—% (h;;" + hg ) , which exactly cancels since h’p is antisymmetric. Therefore, we can safely
X
assume that the presence of the small expectation values does not affect the results for

neutrino masses in any of the cases considered.

3.4.1. Diagonalization of the neutrino mass matrix

To put the neutrino mass matrix (3-54) in diagonal form, we block-diagonalize using multiple
times the procedures in C.2.1, C.2.2, and then use the PMNS matrix for active neutrinos,
and define PMNS-like matrices for the exotic neutrinos.

Large Mp

For large Mg, i.e. the double seesaw mechanism, we use C.2.1 three times. First, we combine
the 2,3 entries with the rotation matrix Wj. Then, the 1,3 entries with W5, and finally the
1,2 entries with W3. The rotation matrices are

1 0 0 1 0 By 1 B; 0
Wi, = [0 1 B |, Woe= 0 1 0 |, Weo=| =Bl 1 0 |(3-56)
0 —Bl 1 -BI 0 1 0 0 1
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with
v Al _vphl
BI = MRl%a B; = ]\4}21 :1/57]7 (3—57&)
T \/§U % -1 ) —1 (% -1
Bl = —?"h; (A1) Mg (hY) ™ + i (hl) " Al (3-57b)
The product of these rotations with the PMNS-like matrices, up to first order in the B;’s, is
vV 0 0 Vv BsU, ByUpg
U=W,-Wy-Ws-[ 0 U, 0 |=|-BlV U, BU|. (3-58)
0 0 Ug —BlV -BlU, Us

The mass eigenstates & are constructed as
np=U&,  nf =U, (3-59)

with ny, = (v, V%,Ng)T, €= (£,,6,,&)", and the mass matrix

| VT M V 0 0
M = U MU = 0 UEMe,Ug 0 : (3-60)
0 0 UM, U,
where
2
v ” 1 -1 UnU % —1 % -1
Me, = by (h) ™ My ()™ — 2 (hiy (L) Bl (1) 7B (3-61)
Ux \/5'0)(
2
(%
Mg, = —?Xh;Mgth, M, = M. (3-61D)

Notice that the neutrino fields thus constructed are Majorana: & = &, + &5 = Ulng +
(Utng)” = €°.

Small My

For small Mg (Mg = i), we have to use the diagonalization C.2.2 for the 2,3 entries, and
twice C.2.1 for the 1,3 and 1,2 entries. The rotation matrices are

1 0 0 1 0 B 1 By 0
wi=|0 S22 B2 w,= 0 1 0 |, Wa=|-Bl 1 0],
0 29 49 -Bl 0 1 0 0 1
with
1 T -1
s = — 7. (hx) i, (3-622)
-1 v -1 -1 -1/ v
Bl = _Un Bl nt =P (pt A A At ("hT+Ph/T> -62b
e () e e () () () (e o

)
B = () e () g (1) (1) (- ) oo
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The full rotation matrix, up to first order in the S,B;’s, is

vV o0 0 4 BsU,  ByUr
Bl+B! _S S
U=W;-Wo-Ws-[ 0 U, 0 |= _(??i)v v, B2 |,
0 0 Ug _<Bz¢—§Bg>V <—$s> U, <1;§> U

and the blocks in the mass matrix (3-60)

2

” -1 Upv % -1 % -1
Mo, = 5 () ()™ T — () b () ) (3030
v H
M, = —7X—hl+§, (3-63b)
M, = xpt4+ £ (3-63c)

3 \/§ X 2

3.4.2. Simple cases

For simplicity, we will consider the following scenarios:

1.

Mg > v, > v,,v,. This is the double seesaw mechanism [40, 31]. We have three
different mass scales for neutrinos: very light active neutrinos (&;), and heavy (§,) and
very heavy (&;) sterile neutrinos:

2

Me, = 5 () Ma (1)) 1 (3-642)
1)2

Mg, = =t My, (3-64b)

M§3 = MR. (3—64C)

Since the only constraints that we have are v, = 10° GeV, UE] +v§ =% ~ 10?2 GeV, we
may set vy ~ 10%, hy ~ 1, Mg ~ 10%, v,h), ~ 107* and find M, ~ 0.1 eV,M¢, ~ 10°
GeV, M, ~ 10° GeV. The &, neutrinos are candidates for detection in LHC, while &,
create a scenario for the study leptogenesis.

Mp = p < v, v, < v, and an additional discrete symmetry which cancels the 13 and
31 entries.

2
Mg, = 2R (hD) ™ ()™ nl, (3-65a)

1 U2P

Mg, =

2

1
L -65b
57 (3-65Db)

3

x
+
\/_
M. = _X ,u -
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This is the inverse seesaw mechanism [41, 42, 31]. The exotic neutrinos are pseudo-
Dirac, with masses ~ :I:% and a small splitting ~ p. There are several ways to
obtain sub-eV masses for the active neutrinos. For example, a set of parameters that
works and is consistent is vy, ~ 10* | hy ~ 1, p ~ 107%, v,/ ~ 1 and leads to M, ~ 0.1
eV, Mg, ~ 10* GeV, M, ~ 10* GeV. All the exotic neutrinos are in the TeV scale.

3. Mr = 0. Even without the Majorana mass term, we still have mass matrices for the
neutrinos, that depend on the known scales vy, ~ TeV, v} +v5 = v, in the linear
seesaw mechanism [31] .

VU . -1 . -1
My =~ (hy (R0) ™" B+ my ()™ ) (3-662)
M, = —%h;, (3-66b)
My = “Xpf (3-66¢)

3 \/ix'

A possible set of parameters is v, ~ 10* GeV, h, ~ 1, v, ~ 1GeV, v, ~ 10°GeV,
hy ~ hy ~ 1074,

log o Mg

10

Figure 3-1.: Range of parameters compatible with light neutrino mass scales (terms pro-
portional to Mg). hy,h,,Mgr(GeV), tan3 = 1, v, = 2TeV(left) or v, =
20 TeV (right).

From the discussion above we see that it is indeed possible to get the right orders of
magnitude for light neutrino masses from (3-55). However, M, is presented as the product
of 3 x 3 complex matrices h;, Iy, hy, Mg, and the only restriction we have on their structure
so far is that h; must be antisymmetric. Furthermore, they are independent of the charged
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Figure 3-2.: Range of parameters compatible with light neutrino mass scales (terms inde-
pendent of Mg). hy,hj,hy, tan 8 = 1, v, = 2TeV(left) or v, = 20 TeV (right).

lepton mass matrix (o< h,e as seen in (3-49)). The problem of choosing ansatz that lead to
neutrino masses and mixing compatible with experimental data has been treated extensively
[43, 44, 45, 46], and the specific application to our model with a proper scan of the parameter
space will be treated elsewhere.



4. Leptogenesis

The Universe appears to be populated exclusively with matter rather than antimatter [5]: the
latter is only detected in accelerators or in cosmic rays, and appears as a result of collisions
of primary particles. Furthermore, if there were to exist large areas of antimatter in the
Universe, they would be at a cosmic distance scale from us [47]. Scenarios which consider
that the Universe started from a state with equal number of baryons and antibaryons, and
the observed asymmetry was generated dynamically, are known by the name of baryogenesis
48].

There are two different pieces of observational evidence that give a numerical value for the
baryon asymmetry of the Universe (BAU) [48]: the first comes from the analysis of the power
spectrum of the Cosmic Microwave Background (CMB), while the second one originates from
the abundance of light elements according to Big Bang Nucleosynthesis (BBN). From recent
data [5], we have

BB 7B _6.19(15) x 10710 (CMB), (4-1)
Ny o
51x 107" < 7 <65x1071°(95% CL)  (BBN), (4-2)

where ng, ng, n, are the densities of baryons, antibaryons and photons, respectively, and
the subindex zero denotes present time. An alternative parametrization using the entropy
density s is
np—npg| 7N
s o 7.04°
In 1967, Andrei Sakharov published an article [49] in which he problematized the issue
of matter - antimatter asymmetry in the universe. He was the first to look in detail what

criteria a theory should fulfill to be able to explain the global baryon asymmetry. These

YAB = (4—3)

criteria are necessary but not sufficient to create the baryon asymmetry, and are called
Sakharov conditions. These are:

1. Baryon number violation: This condition is required to evolve for an initial state with
Y = 0 to one with Yg # 0. Interactions that violate baryon number could also mediate
proton decay, which would establish a phenomenological constraint due to the lower
limit on proton lifetime 7, > 5 x 103? years [50].

2. C and CP wviolation: 1If C or CP were conserved, then the processes involving baryons
would occur at exactly the same rate as C or CP conjugate processes involving anti-
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baryons, with the total effect that an asymmetry is not generated. The key factor here
is that the baryon number B is odd under C or CP.

3. Nonequilibrium dynamics: in chemical equilibrium, there are no asymmetries in quan-
tum numbers that are not conserved (such as B for the first condition). Moreover, as
CPT invariance should remain intact, CP violation can have no effect unless it is de-
fined a preferred time direction, which cannot be done if the particles are in thermal
equilibrium. However, the expansion of the universe may result in small deviations
from it, which allows an excess of baryons over anti-baryons to be generated by the
action of interactions that violate B and CP. The relaxation time needed to regain
proper balance in which the baryon asymmetry can be destroyed again increases faster
than the universe’s age, thus freezing the asymmetry [51].

All these ingredients are present in the standard model, but it has not been found any
mechanism of the SM that would generate a large enough baryon asymmetry. Therefore,
new physics is required to extend the SM in at least two ways: it must introduce new forms
of CP violation and must either provide a way out of thermal equilibrium in addition to
that of the electroweak phase transition or modify it [48]. There are several possible mecha-
nisms for baryogenesis, including GUT baryogenesis, electroweak baryogenesis, Affleck-Dine
mechanism and leptogenesis.

In leptogenesis, the BAU is generated from a L asymmetry via electroweak processes which
anomalously violate B+ L, existent in the SM. The initial L asymmetry comes from leptonic
particles that have not decayed at high temperatures since their lifetimes are longer than the
expansion rate of the Universe (they are out of equilibrium); the usual candidates are heavy
right-handed neutrinos. There is a residuary asymmetry when the Universe approaches the
temperature of the electroweak SSB. Now, before the electroweak phase transition (EWPT),
there are classical solutions to the equations of gauge fields, called sphalerons, that induce
processes such as |vac >— [uLuLdLez +crenspity + tLtLbLTﬂ. Because of this, any prior
B — L asymmetry is converted into B-asymmetry. Therefore, the BAU is explained from
the conversion of the primordial L-asymmetry via sphalerons.

4.1. Big Bang Cosmology

The base structure for our understanding of the Universe comes from hot Big-Bang cos-
mology, also called the standard model of cosmology [2]. The essential elements for this
model are: the cosmological principle; the expansion of the Universe; the general theory
of relativity; and the Cosmic Background Radiation. Assuming a simple picture for the
evolution of the Universe, we can extrapolate our present knowledge to earlier times up to
a singularity that we denote Big Bang, and setting this as the origin of time, we can define
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the age of our universe; note that the Big Bang does not refer to a single singular point in
space, but a singularity at all points after which they started moving away from each other
uniformly. Right after the Big Bang, the Universe was a plasma of relativistic particles,
that slowly cooled down as the average energy per particle came down. The temperature
of the Universe will correspond to the average energy per particle at a given time. Up to a
temperature corresponding to the Planck scale (Mp ~ 10 GeV), quantum gravity governed
the evolution, and we cannot extrapolate our results to any time earlier than this. As the
Universe continued expading it went through different phase transitions corresponding to
the gauge symmetry breakings in particle physics: they include the grand unification (GUT)
phase transition at 7' ~ 10 — 106 GeV, and the electroweak SSB phase transition at a
temperature of about 300 GeV [52]. During these phase transitions some particles acquire
mass via the Higgs mechanism and the full symmetry of the theory is broken to a lower
one. Some particles decoupled below these temperatures, which means that they decayed
into lighter particles, but the energy available to the latter was not enough to recreate them,
thus drastically reducing their densities. At T ~ 100 — 300 GeV, the QCD chiral symme-
try was broken, leading to the formation of baryons and mesons. After this, we have the
formation of the primordial light nuclei at 7' ~ 1 MeV . Nucleosynthesis is one of the earli-
est tests of modern cosmology, since its predictions fit very well with observations [2]. For
T ~ 2 x 10719 GeV, the matter density becomes equal to that of the radiation, thus starting
a matter-dominated epoch and the formation of structure. As the electron density reduced
due to the formation of atoms, there was a reduction in the interaction with photons and
radiation decoupled from matter; this radiation became the Cosmic Microwave Background
(CMB) radiation that we see today. Small fluctuations of the CMB provide information
about the early Universe and the formation of structure.

4.2. Evolution of the Universe

According to general relativity, the space-time evolution is determined via the Einstein
equation by the matter content of the Universe, which differs form epoch to epoch depending
on what kind of energy dominates the energy density of the Universe at that time. The
Einstein equation reads [5]

1
Ruu - ég,uuR :87TGNTMV + Aguua (4_4)

where R, is the Ricci tensor, g,, the metric, R the Ricci scalar, Gy = M 132 the Newton
constant, and 7}, the energy-momentum tensor. The A term in the RHS is often interpreted
as the effective ennergy-momentum tensor for the vacuum of Ag,,/87Gx. Assuming that
the matter content of the Universe is a perfect fluid, we have

T;w = —PGuv + (p + p) Uy Uy, (4_5)
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with p the isotropic pressure, p the energy density and v = (1,0,0,0) the velocity vector for
the isotropic fluid in comoving coordinates. Furthermore, using the Robertson-Walker metric
to take into account the homogeneity and isotropy of the 3-space (cosmological principle),

ds® = dt* — R*(t) 72, (4-6)

with R (t) the cosmic scale factor, Einstein’s equations are simplified to the Friedman-
Lemaitre equations

. 2
R 817G E A
2 _ f _ Np KA )
H?> = <R> 3 RQ+3, (4-7)
R A 4nG
B = 3 3N(p+3p), (4-8)

where k£ can be chosen to be +1, —1 or 0 for closed, open or flat spaces, and where we have
defined the Hubble parameter H = R/ R, which measures how fast the Universe is expanding
during the different stages. From energy conservation via T%7 = 0, we get

p=-3H(p+p), (4-9)
which can be rewritten in the more familiar form
d (pR*) = —pd (R*), (4-10)

that is, that the change in energy in a comoving volume is equal to minus the pressure times
the change in the comoving volume, i.e., the first law or thermodynamics.

A great part of the history of the Universe in the standard BB model can be easily described
if we assume that either radiation or matter dominate the total energy density. Furthermore,
during inflation and again today the expansion rate for the Universe is accelerating [5],
so dominance by a cosmological constant or some other form of dark energy should be
considered. For a simple equation of state p = wp with constant w, the energy density evolves
like p oc R730+%) We consider three cases: i) Radiation-dominated universe: w = 1/3,
pox R R(t) t1/2 appropriate for the early hot and dense universe: ii) Matter-dominated
Universe: w = 0 (pressure-less gas), p o« R™3, R(t) oc t¥/3, corresponds to relatively late
times, when non-relativistic matter eventually dominates the energy density over radiation:

iii) Vacuum-dominated: w = —1, p o const, R(t) e\/gt, with A = 871Gy Vp.

4.3. Equilibrium thermodynamics

As mentioned before, much of the early Universe can be described by a radiation-dominated
equation of state. Furthermore, we may consider that during that epoch the Universe can be
described by equilibrium thermodynamics. Thermal equilibrium is established by the rapid
rate of particle interactions relative to the expansion rate [5].
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Let f, (p,7,t) be the density of a species in the phase space. The assumption that the
universe is homogeneous and isotropic implies that f, (P, 7,t) = fa (p,t); usually the temporal
dependence is not explicitly stated. The number density (n,), energy density (p,), and
pressure (p,) of a dilute, weakly interacting gas of g, degrees of freedom are given by

ne — (2%) / £ () d*p. (4-11)

o= / E@) f. () &p, (412)

_ Ya |ﬁ|2 3 _
el v TAOL) (113)

where E? = |p]> + m2. For a species in kinetic equilibrium, the phase space occupancy is
giving by the Fermi-Dirac (FD) or Bose-Einstein (BE) distributions
1
fe9(p) = ’ 4-14
P o (&~ /1) 1 6 )

where p is a possible chemical potential of the species (which serves to constrain the total

number of particles), and § = +1 pertains to the FD species, § = —1 to the BE species, and
0 = 0 in the classical approximation of Maxwell-Boltzmann (MB) statistics. In consequence,
we can write

B g 0o <E2_m2)1/2

no= ﬁ/m oo (B =) /Ty =1-0F (+15)
A N Ut (0 R

= A (G ks o

foe) /2
g (E? — m?)’
= = dFE 4-1
P = ), eol(E—p) T} =1 (417)

In the relativistic limit 7" > m, for T' > pu

=gI"  BE

IzgT4 FD

Bgr3  BE

p
= = 4-20
p =3 (4-20)
For relativistic bosons or fermions with p < 0 and |u| < T,

_ H 9 3
n = exp {?} FT (4-21)

H } 39 4
- AV 29p 4-22
p = exp {T — (4-22)
n = exp {%} %T4 (4-23)
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In the non-relativistic limit,

p = mn (4-25)
= nlI'<Kp (4-26)
We are particularly interested in computing the excess of a fermion species over its an-
tiparticle; assuming p, = —u_, we get
Ny —n. = - OoE(EQ—mz)l/2 ! — ! dE (4-27)
o w exp {F4} +1 exp {534} +1
9T° [ (u) (u)3

= 2= = = T 4-28
67 {W 7) T\ >m (4-28)

T\ 3/2 _
= 2g (ﬂ;—W) sinh (%) exp {Tm} T<<m (4-29)

Finally, considering that the energy density and pressure of non-relativistic particles are
exponentially smaller than those of relativistic ones, we can approximate the total energy
and pressure of all species in equilibrium at a photon temperature T as

2

T
- (&30
9
T
PR = %:%g*w (4-31)

where g, counts the total number of effectively massless degrees of freedom at 7"

9= > g (%):g S (;)4 (4-32)

i=boson i=fermion

In the SM, for T" > 300 GeV ,all particles are relativistic, giving g, = 106.75.

4.4. Boltzmann Equations

Although the equilibrium description is a good approximation for much of the history of the
early Universe, there have been some important departures that prevent the present state of
Universe from being described exclusively from the present temperature [52]. To deal with
the evolution of a species before and after decoupling, we have to look at the microscopic
evolution of the phase space occupancy, which is governed by the Boltzmann equation. The
Boltzmann equation for the distribution in phase space of a species of particles a can be
written as [53]

L fuo=—5Cald]. (1-33)
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with the Liouville operator in a Robertson-Walker space-time given by

. of
L fo=E.f,— H|p,]? == 4-34
o= Bufa— H Il 55 (4:34)
and the collision integral
Clfl = > /dﬂxidef 2m)" 69 (pa — px; — px,)
aX,'HXf
< [fafx, IM(aX; = Xp)|? = fx, IM(X; — aX3))?], (4-35)

where the sum is over all the allowed proceses aX; <+ Xy, being X; and X; many particles
states, |/\/l]2 the transition amplitude averaged over the internal degrees of freedom in the
initial and final states, and

dry = H dm dmy, = g I 1 (4-36)
= by b= 3o -
T (2)* 2E (py)
Px = me fx = H Jo- (4-37)
beX beX

If there are any identical particles in the initial or final state, it is necessary to include
appropriate symmetry factors.

Integrating over dm,, it is possible to obtain an equation for the number density. Under
the assumption of kinetic equilibrium,

fa (E) = “eq §q7 (4_38)
Na
and we find that
. o nanXi an
Ng + 3Hna = — Z (712(1—7]/3?’}/ (aXZ — Xf) — W’}/ (Xf — CLXZ)> , (4—39)
aXi<—>Xf 1 f

being

v(a,b—1,2) = / 11, dIT,dI1,dIT, (27)* 6 (P, + P, — P, — P)

X |[M (a,b— 1,2)7 f,2f,%. (4-40)
For decays and inverse dacays,
Ky (mg/T)
a— Xs)=nl——I(a — Xy). 4-41
7 ( ) =ng Ky (m/T) ( 7) (4-41)

In the case of scattering 2 — 2,

v(a,b—1,2) =

6;4 / dsy/s K (?) 5 (s) (4-42)
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The dimensionless reduced cross section is defined as [53]

& (s5) = 81Dy (s) / A dIT, (27)* 6@ (P — P, — Py) (M|, (4-43)
with
Dy (s) = / dI1,dII, (27)* 6 (P, + P, — P, — Py) . (4-44)
0 also satisfies
o1 >
— = . 4-45
i~ sms M (4-45)

It is useful to write the Boltzmann equations in terms of the variable

y, = "o (4-46)
s
being s the entropy density defined as [52]
S p+p
= — = — 4—47
TV T (4-47)

This aims to describe the evolution of the particle number in a comoving volume. Using the
conservation of entropy per comoving volume (sR? = const.) [52], it follows that

fia + 3Hng = sY,. (4-48)

Furthermore, we can introduce a new variable that expresses the explicit temperature
dependence of the interaction terms instead of time dependence,

T=— (4-49)

with m a suitable mass scale. During the radiation domain [52],

_ —1/2Mpr —1/2™MPlL_o

t=0.301g; "/ = 0.301g; / 5 (4-50)

thus the Boltzmann equation (4-39) can be rewritten as
Y, oy VY% X 5 X)) — 25 (X, S X)) (4-51)

a — — e e a 7 — Xreq a [ 9 a
H(m)s Yove ! 1=y
aXi<—>Xf T f
with

m2

H(m) = 1.67¢g2>—. (4-52)

mpy
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4.5. B+L violation in the SM

Baryon and lepton number are not conserved in the Standard Model due to the chiral nature
of the electroweak interactions [47]. This is a consequence of the triangle anomaly: the
change in baryon and lepton number is related to the change in the topological charge of the
gauge field. In a non-abelian gauge theory, the ground state is degenerate, and characterized
by an integer called the Chern-Simons number, N.. The corresponding ground states are
separated by a potential barrier whose height is given by the so-called sphaleron energy Ejy,.
Because of the anomaly, jumps in the Chern-Simons number are associated with changes of
baryon and lepton number, AB = AL = N;yAN,, with Ny the number of families. In the
Standard Model, the smallest jump is AB = AL = +3. Notice that the amounts of violation
of baryon number (AB) and lepton number (AL) are equal, and therefore A(B — L) = 0,
but A (B + L) =2AB =2AL # 0.

In the semiclassical approximation, the probability of tunneling between neighboring vacua
is determined by instanton configurations, which have a very small transition rate [47]

= 0(107'%) . (4-53)

However, in the thermal bath provided by the expanding Universe, the transition can be
made through thermal fluctuations over the barrier instead of tunneling. For temperatures
larger than the height of the barrier, the exponential suppression in the rate provided by
the Boltzmann factor disappears completely. Hence (B+L)-violating processes can occur at
a significant rate and these processes can be in equilibrium in the expanding Universe [47].
These processes are called sphaleron configurations, and they are in thermal equilibrium in
the temperature range

Trw ~ 100 GeV < T < Ty, ~ 102 GeV . (4-54)

4.6. Converting L to B

Given that sphaleron interactions preserve B — L, but violate B + L considerably quickly
above the electroweak temperature, this suggests that a theory of baryogenesis does not nec-
essarily violate B: if there is a way of generating lepton asymmetry, through the sphalerons
the baryon asymmetry can be generated.

The relation between baryon and lepton asymmetries considering a transformation via
sphaleron processes can be made following constraints between various chemical potentials
for interactions that are in equilibrium [47]. It is found that

8N; + 4Ny
V=t vy 4-55
b (22Nf+13NH> Bt (4-55)
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where Ny and Np are the number of fermion families and Higgs scalars of the model, re-

spectively. In the case of the SM,

28
Vo= V. (4-56)



5. Leptogenesis in 331 models

We want to study leptogenesis in the context of 331 models with RH neutrinos as presented
before. Following the guidelines of chapter 4, we require out-of-equilibrium processes which
break both lepton number and CP, thus creating an asymmetry that could be transformed
to the BAU via sphalerons. In this case, we will consider that the violations arise as a
consequence of the Majorana nature of the right handed neutrinos. As mentioned before,
the formalism that we need to apply is that of Boltzmann equations. We have to follow all
the processes that involve a change in lepton number, or that affect the number density of
the particles of interest. However, the large amount of interactions, and, more importantly,
of unknown parameters, make it really difficult to consider all possibilities. For example, in
the usual see-saw leptogenesis [53], the Yukawa matrices are constrained by the smallness of
neutrino masses. In our models, as we have seen, we have many matrices and parameters in
play, that can be balanced in many ways to give the correct orders of magnitude. For these
reasons, in this chapter we develop some toy models of thermal leptogenesis in 331 models,
with the purpose of showing that it is possible to obtain a BAU of the right magnitude with
different approximations. However, a fully-detailed analysis would only be pertinent if we
had more theoretical or experimental motivations to favor some case over the others.

5.1. Simplification of the Yukawa Lagrangians

The full Yukawa Lagrangian of the model follows the rotation of both scalar and lepton
states to the mass eigenstates. We saw that for neutrinos we have two different regimes:
large / small Mg. In the latter, we find heavy neutrinos with a small mass-splitting, which
naturally suggests the appearance of resonant leptogenesis. In the former, we can follow
standard leptogenesis, i.e., follow only the evolution lightest &5 neutrino , or we can consider
a resonant leptogenesis if the masses of {3, and £ 5 are very close.

We will consider that the heavier mass eigenstates are already diagonal, i.e. U,,Ur = I,
and neglect all the perturbative terms in the rotation matrices of the neutrinos.

For large enough Mg, we can neglect readily By, By. For the perturbative approximation
to work, we need Bj sufficiently small. This means

Uh,T VU 112
Pp  YmEX <<‘—?Xh;Mgth

22

hyMg'hf : (5-1)
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Note that the inequality means that the difference in the LHS is small, i.e. the two terms
in the LHS could be of the same order, or we can set, for example, A/, to be very small and
vphy K vy Ny

For small My = p, we would need vyh, < v hy, v,h), < vyh,, which is easily obtained
from the relation between the VEV’s. We still get the combination of vz and Ny states that
leads to the nearly-degenerate states £,, 5. We will consider this degeneracy to by pairwise,
but with a hierarchy between families, i.e. {,, {3, have nearly the same mass, but is much
smaller than the mass of £ 5, {35

5.2. Boltzmann equations

In this section, we present a simplification of the Boltzmann equations following [47].
Considering that only the evolution of one heavy neutrino, that we shall call Ny, is relevant
for leptogenesis, we can write the Boltzmann equations as

dNy,

dr - _(D+S) (NN1 - N](ig) ) (5_2>
dNp_ .
dfi L' = /DNy, —N) =W Np_p, (5-3)

Four kinds of processes contribute to the different terms in the above equations: decays,
inverse decays, AL = 1 scatterings and AL = 2 processes mediated by heavy neutrinos. The
first three modify the N; number density and try to push it towards its equilibrium value.
Denoting by H the Hubble expansion rate, the term D = I'p/(H x) accounts for decays and
inverse decays, whereas the scattering term S = I'g/(H x) represents the AL = 1 scatterings.
Decays also constitute a source term for the generation of the B — L asymmetry, (term D),
whereas all other processes contribute to the total washout term W = T'y /(H x) which
competes with the decay source term.
The solution for Ng_; is the sum of two terms,

Ny p(2) = Ni_, e~ J5 a' W) _ Zgl (s i, My 722) | (5-4)
where the first term considers the possibility of an initial asymmetry from a different source
(usually set to zero, since that asymmetry is easily washed out), and the second term de-
scribes B — L production from Nj decays. It is expressed in terms of the efficiency factor x
which does not depend on the CP asymmetry ¢,

4 * x 1 1
k(z) = 5/ dz' D (Ny, — N3!) e~ Jor d" W (") (5-5)

i

We can write the final baryon to photon number ratio as

np =dey ke ~ x107 2 g ks (5-6)
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where d contains the information about the conversion from B — L to B and the dilution
factor, and k¢ is the final efficiency factor, that comes from the solution of the Boltzmann
equations.

It is simpler, yet accurate enough, to consider the case where decays and inverse decays are
the only relevant processes. In that case, we replace D+.S by D and W by Wyp, respectively,
where Wpp is the contribution of inverse decays to the washout term. Defining the decay

parameter
_ I'p(z = o0)

K==
Hxz=1)
which controls whether or not N; decays are in equilibrium, the decay term D is

D(z)=K=x <1> , (5-8)

y

(5-7)

with the decay rate
1

Do) =T <;> | (59)

where the thermally averaged dilation factor is given by the ratio of the modified Bessel

¢)-5e

functions K; and Ko,

The inverse decay rate is given by

Ny, ()
T'p(z) = Tp(x) % : (5-11)
l
where 5 3
Nyl(@) = S0 Kola) , NP= (5-12)
This contribution of inverse decays to the washout term Wis :
1 Ny, (=)
4% ==-D ! -1
i(r) = 5D() (5-13)

All relevant quantities are given in terms of the Bessel functions K; and K, which can be
approximated by simple analytical expressions (see appendix).

In the case of resonant leptogenesis, we need to follow the evolution of two neutrinos, Ny
and N,, thus having a set of three coupled differential equations. The equations for N, are,
however, analog to the ones already presented.

5.3. CP asymmetry parameters

From Sakharov conditions and the formulas above, we know that the CP asymmetry param-
eter € is fundamental for the generation of the BAU. For our case, this term comes from the
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Figure 5-1.: Diagrams contributing to the CP asymmetry. The ¢ parameter comes from the
interference between the tree level amplitude with the self-energy and vertex
amplitudes.

interference between the tree level decay and its one loop corrections, which correspond to
the diagrams presented in the figure.
The CP from the self-energy correction, ey, is important when the masses of the two

neutrinos are very close. Defining Am%, = m3, —mi,, rv = Am%/(my,my,), we find that

%m(h?lhlghf,lhllg) N

s , 5H-14
S5l 87 |hi1|? r3 + 4A3, ( )
%m(h?lhlghf/lhl/g) (Y
s . 5-15
©s2 87T|h12|2 7“]2\[ + 4A%1 ( )
where ,
hoihi, [30 1 M2
Ai(p?) = LS+ - (1-—& . -1

In the limit My — 0, one finds Ay; = hy;hy;/(167).
On the other hand, the vertex correction with a heavy neutrino inside the loop &, is more
significant when the mass difference is larger. Defining the function

1—
F(z,a) = ﬁ[l—a—(l—i—x)ln(ﬂ)}, (5-17)
x
which reduces to f(z) = /x[1 — (1 +z)In(1 + 1/x)] for & = 0, we find
o Sm(hj hiahiyyh) {§ F<m?v2 O) Ll F(m?vg Mé)
Y TemaP [ 10— ME/mR) L4 \mE, 47 \mi, T mi,
1 M2 2 2 2 M2
+—( - —2H> [F(méVQ ,0) n F(m§2 , f” } (5-18)
4 may, my, my, My,

In the vanishing limit of the Higgs-boson mass, the above formula simplifies to

Sm(hjyhuzhipy hura) <m?v2>
ol = ) 5-19
Evl 87T|h/ll’2 f m?\[l ( )

The term with the triple scalar vertex, that we shall call ¢;, does not usually appear in

standard descriptions of leptogenesis, but such vertex (f) is a natural occurrence in 331
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models and therefore should be treated carefully. We find

g, = —Sm(hjhuohi ) (1 _ m_%—lln (1 i m%\ﬁ)) ‘ (5-20)

27 |hi [Pmo, my, m3,

5.4. Numerical results

The baryon asymmetry is determined by the product of two factors: the CP asymmetry
parameter, which is essentially connected to the masses of the particles and the magnitude
of the interaction vertices, and the final efficiency factor s, that includes all the information
about the evolution of processes (e.g. decays and inverse decays) where the heavy neutrinos
are involved in the thermal bath. Assuming that the initial abundance of the heavy neutrinos
is thermal, i.e. they start with the equilibrium distribution, we can find the final efficiency
factor as a function of the decay parameter K as presented in fig. 5-2. We see that the
efficiency factor is greatest and close to unity in the regime of out of equilibrium decays,
I' < H, and in this limit the final BAU is determined essentially by the value of ¢.

K
li

0.1,
001

0.001

0.01 0.1 1 10 100 1000

Figure 5-2.: Final efficiency factor x; as a function of K = I'/H, for a thermal initial
abundance of the heavy neutrinos.

In figures 5-3-5-14 we present and compare generic contributions from the three CP
asymmetry parameters. All masses are in GeV. From 5-3 and 5-4 we check that the self-
energy contribution is greater for small mass differences, therefore is relevant for the case of
resonant leptogenesis: the contribution becomes exponentially smaller as ms/m; — 1 grows.
The contribution is independent of the actual mass of the neutrino, depending on the relative
values of the Yukawa matrices and the ratio of masses.
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The vertex contribution with a heavy neutrino inside the loop presents a similar behavior
in the sense that the actual mass is not important, but the ratio of masses is. The presence
of the scalar inside the loop does not introduce significant differences unless its mass is very
close to the neutrino mass (5-9). Fig. 5-8 shows that the value pretty much stays the same
(assume m; > my), and the strongest dependence is on the Yukawa matrices.

Fig. 5-10 confirms that the self-energy contribution is dominant in the regime of small
mass differences, which corresponds to the case Mr = p < v, of our models, while the
vertex contribution dominates when we step away of this regime. The result presented in
that figure is typical for resonant leptogenesis, where the mass difference is the primordial
factor.

The contribution from the vertex correction has a different functional form, showing a
explicit dependence on the mass of the external neutrino. In 5-11-5-12 we see that the
1/m; dependence dominates this contribution, and that the mass of the scalar particle has
a negligible effect only if my < m;. The |g;| contribution poses a possible complication in
our analysis, since the assumption f ~ v, ~ 10* GeV done in the treatment of scalar mass
matrices implies that this contribution might dominate (since we always have small Yukawa
matrices), especially if the mass of the neutrino is small enough. The value of f mentioned
stems from plausible reasons when dealing with masses of the exotic particles, but actual
bounds do not exist. Here we face the dilemma of either fixing f and finding possible values
for the BAU, or using the expected results of leptogenesis and look for other connections
to experimental bounds in order to find information about f. For this work, we chose the
former. As shown in fig. 5-13-5-14, this contribution determines the total CP asymmetry
for a range of possible cases. Some ways of regulating this factor are setting the order of
magnitude of h;, which always enters in the expression, to be very small, and would also give
very small neutrino masses as mentioned before, or doing some fine-tuning for the imaginary
part of the product that enters the expression, in cases where the mass m; is not very large.
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Figure 5-3.: Self-energy CP asymmetry parameter as a function of the mass difference. m; ~
10%. All Yukawa matrices are ~ 1075, (Detail for small differences)
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10-10 10-3 1 10 1010 My

Figure 5-4.: Self-energy CP asymmetry parameter as a function of the mass difference. m; ~
103. All Yukawa matrices are ~ 1076
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Figure 5-5.: Self-energy CP asymmetry parameter as a function of the mass difference. m; ~
103. All Yukawa matrices are ~ 1074

h~10"2
h~10—4
h~10"°

107" 1077 0.001 10 10° m

Figure 5-6.: Self-energy CP asymmetry parameter as a function of the mass difference for
Yukawa matrices of different orders of magnitude. m; ~ 103.
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Figure 5-7.: Vertex CP asymmetry parameter as a function of the mass difference. m; ~ 103.
All Yukawa matrices are ~ 1076
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Figure 5-8.: Vertex CP asymmetry parameter as a function of the mass difference for Yukawa
matrices of different orders of magnitude. m; ~ 103.
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Figure 5-9.: Vertex CP asymmetry parameter as a function of the mass difference for Higgs
masses of different orders of magnitude. m; ~ 10°.
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Figure 5-10.: Contributions from vertex and self-energy CP asymmetry parameters as a
function of the mass difference for Yukawa matrices or order ~ 107, m; ~ 106.
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Figure 5-11.: Triple scalar vertex CP asymmetry parameter as a function of the neutrino
mass for Higgs masses of different orders of magnitude. (Detail)
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Figure 5-12.: Triple scalar vertex CP asymmetry parameter as a function of the neutrino
mass for Higgs masses of different orders of magnitude.
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Figure 5-13.: Partial and total CP asymmetry parameters as a function of the mass differ-
ence for Yukawa matrices or order ~ 107¢, m; ~ 10%, my ~ 0
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Figure 5-14.: Partial and total CP asymmetry parameters as a function of the mass differ-
ence for Yukawa matrices or order ~ 1076, m; ~ 102, my ~ 0



6. Conclusion

The Standard Model of particle physics, though highly successful, is incomplete in the sense
that leaves some problems unanswered, thus making the study of physics BSM necessary.
Starting from fundamental knowledge of group theory and particle physics, it is possible to
construct models with higher symmetry, that incorporate the SM as a low-energy approxi-
mation. In this work, we presented the basic concepts of working with SU(n) groups, and
specifically with SU(3) ® U(1) as an extension of the electroweak sector. Building a model
with 8 = —1/4/3, with three scalar triplets and right handed neutrinos both as part of the
leptonic triplet and as neutral fermion singlets, allowed us to study two important problems:
neutrino masses and generation of baryon asymmetry. We found that neutrino masses can
be generated via two mechanisms: inverse and double see-saw, depending on the scale of
the Majorana mass of the singlets. This mechanism, previously unreported for this fam-
ily of models, naturally explains the smallness of neutrino masses from tree-level diagrams,
without the need of doubly-charged particles as other models before. On the other hand, we
studied the problem of baryogenesis via leptogenesis for the same model. Two distinctive
characteristics from leptogenesis models usually worked in the literature are the appearance
of an extra contribution to the CP asymmetry from the vertex correction including a ver-
tex with three scalar particles, and the relaxation of the constraints from the smallness of
neutrino masses. On both counts we can find a range of parameters that give a satisfactory
explanation. Therefore, we can conclude that a model such like the one presented, which
includes the SM as a low energy approximation and all of its well-known results, allows room
for explaining three additional questions, namely the number of families, neutrino masses
and oscillations, and matter-antimatter asymmetry. However, the larger content of particles
and thus the huge number of free parameters make it impossible for the model to be pre-
dictive enough. It would be necessary to have a bigger number of pertinent experimental
bounds to reduce the space of parameters. With this information we could do a more de-
tailed analysis of the two problems that concern us, using ansatz of textures for the Yukawa
matrices and the Majorana mass matrix, and a more detailed balance of the evolution of
the lepton and baryon asymmetries with temperature. Finding other ways to constrain our
model is imperative for its success, since the good results obtained so far are very motivating
for further studies.



A. Decay rates and Cross sections

A.1. Decay

e The decay rate of a particle of mass m in n bodies, computed in its own rest frame in
terms of M is [5]:

n (Pip1, -y Pn) s (A-1)

with d®,, the element in the phase space of n bodies,

n J3 )
d®,, (P;p1,pa...pn) = 0" ( ZM)H p2E (A-2)

(2m)*
dr =
20

e In the case of n; identical particles of the specie k in the final state, it is required to

add a factor [54]
1

k=species

e For the case of decay in two-particles labeled as 1 and 2, it is found that [5]

p
= 32| ;MQ/W\ de. (A-4)

A.2. Scattering

e The differential cross-section for a process 2 — n is given by [5]:
(2m)" | M[*

4 (pu - p1)? = m3m?

with d®,, defined in (A-2). For the particular case n = 2,

do = d®,, (pa + Pv; 1, P2---Dn) (A-5)

4 2 3 3
o — (27)" M| dp &y (A-6)

10 - po)? — mizmz )28 (2m) 2

Note that the indexes a,b denote particles in the initial state, while 1,2... denote

particles in the final state.



A.2 Scattering 95
e Mandelstam Variables [55]
5 = (Pa +pb)2 =(p1 + p2)2 ; (A-T)
t = (pa—11)° = (0o —12)°, (A-8)
u o= (pa—p2)" = (o — )" (A-9)
Using the energy-momentum relation, these can be rewritten as
s = m24mi42p,-py =m3 +ms+2p; - o, (A-10a)
t = mZ+mi—2p,-p1=mi+ms—2py- Do, (A-10Db)
u = miAEms— 2, py=mi-+mi—2p,-pr. (A-10c)
They have the property
s—l—t—l—u:Zm?, (A-11)
where the index i refers to the 4 external particles.
e For the particular case in which the masses of the 4 particles are negligible,
S = 2pa-Py=2p1- P2, (A-12a

t = —2po-p1 = —2py- P2,
U = —2pg - p2 = —2py - pr,
s+t+u=0.
e Initial state of two particles:
plab — 5T ma — mj lab _ A2 (s, me, my)
@ 2mb 7 “ me ’
Ell;ab = My, péab = 07

2 2
Em — 5+ My, — Ny, P _
4 2/s ’ @ ’
2 2
Eem — §—mg, + my cmo
N by =

2V/s

with
A(s,m2,mp) = [s— (mq + mb)Q} [s — (mq — mb)2] .

e Cross section:

do 1 p§m| |2
dQs™  64m2s pem ’

dt 647s (pem)?

?

(A-14)

(A-15)

(A-16a)

(A-16b)
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A Decay rates and Cross sections

integration limits:

t

m2 +m3 — 2B ES™ 4 2pEmpsm (A-17a)

a

m2 4+ m? — 2B ES™ — 2pSmps™. (A-17b)



B. Special functions

B.1. Riemann zeta function

o Definitions:

1 > =l
((z) = 1=29T () /0 o 1dt for Re{z} >0 (B-1)
((z) = > ni for Re{z}>1 (B-2)

e Particular values:
2
% ~ 1.082. (B-3a)

C(2) = = ~ 1645, ((3)~1.202, ((4) :g—;

B.2. Modified Bessel function of the second kind

e The integral representation of the modified Bessel functions is [56]:

K, (z)= F(n—\/jr—%) (g)n/loo e (2 — 1)”7% dz. (B-4)

e For small x, this functions can be written as :

n—1

1 (n—k—1)! fa\2%—n
Kale) = 53 (1) = (5)
k=0 )
00 z\nt2k k k+n
5 1 1

1 n+1 (2) 1 E o e s B-5

+(=1) kz_;k;!(n—l—k)' ny T ;22' £~ 2i (B-5)

where v is Euler’s constant (y ~ 0.5772). For large z [51],

Kn(x):\/gex {1+ (" —1/4) | (0" 1/ (v~ 9/4) +1 (B-6)

2x 82

e The functions of particular interest are K; (x), Ko (z). In the first case,

Ki(z)==x /100 e V2?2 — 1dz. (B-7)
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Using a change of variable, it is found that

1 oo
= —/ e V2% — x2dz. (B-8)
Y €T
In both approximations mentioned above,
1 1
Ky (r) ~ ;*FZ—LI‘ [21n<2>+27—1] r < 1, (B-9)
s 3 15
K ~ —e T |1+ —— 1 B-10
1 (@) 21" { 8z 128952] ik (B-10)
e Likewise, for K (z),
'rZ e —xz 2 3/2
Ky (x) = 5 e (22 =1)""dz (B-11)
1
= :U/ e F2vz2? - 1dz, (B-12)
1
where an integration by parts was performed. Using a change a variable,
1 o
T) = —2/ e * 2V — xldz. (B-13)
T x
Limit cases
K (2) 2 1.1 4 (3) + 49 - 3] <1 (B-14)
~Y i — n -
2 i i 2) T TS
s 15 105
K ~ —e |14+ —+ — 1. B-15
2 () 21° { Rz 128.12} v (B-15)

e Also it is needed the ratio

Ki(z) [ a2 — x?e”

Ky (x) [ \/ﬁ —d’ (B-16)
g; Ei; ~ T {1 + (ng + ’y) + ] T <1, (B-17)
B s - r< L (B-18)

Z
=
[\
&
oo
8
o



C. Diagonalization of Matrices

C.1. 2x2 symmetric matrix

b
We consider a matrix ( ch ) The eigenvalues are
c

1
3 (a +c—+/(a—c)?+ 4b2> (C-1)
1
5 (a +c+(a—c)+ 4b2> (C-2)
and the eigenvectors
T
_ —a+tc+ (a—c)2+46227 1 o (C-3)
\/ (—atety/la-omri2) \/ (—atety/la-orri2)
200/ 1+ 2 14+ e
(a—c)2+4b2+(a—c) \/(a—c)2+4b2 g
b &2 V2 (C-4)
\/5\/(@ — 6)2 + 452 ’ \/(afc)2+4b2+(afc)\/(afc)2+4b2
b2

cosa —sino
sinaw  Ccos«

We will see that it is equivalent to the rotation matrix ( ), with tan(2«a) =

a2—_bc. Using the first eigenvector, we define

_—a+c+\/a2+4b2—2ac+02

cosy = (C_5)
(—a+c+ a2+4b2—2ac+c2)2
2b\/ 1+ e
. 1
sina = (C-6)
(fa+c+ a2+4b272ac+02>2
s Lo

cos —sino

The matrix .
sinaw  cosa

) effectively diagonalizes the original matrix:
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. T .
cosa —sina a b cosa —sina
sina  cos« b ¢ sina  Cos«

%(a— 462+(@—c)2+0> 0 )
0 %(a—k 4bz—|—(a—c)2+c>
Using the identity tan(2a) = {2222 we confirm tan(2a) = 22
gsina 2b

COS (v
1— (M)Q a—c

sin «

C.1.1. Particular case: a=0

b
The matrix( 2 ) has eigenvalues
c

(c - m) , (C-8)
% (c+ v+ ) (C-9)

1
2

, with tan(2a) = —2

and the rotation matrix ( »

cos(a) —sin(a) >

sin(a)  cos(a)

\/ib 17%
. V4b2 +c2 _ 1
VAbZte? \/5\/1_%
L (C-10)
2b
1 . 1_\/4b2+02
\/5\/17 T Nz
Vav2te?
C.1.2. Particular case: a =0, c> b
In this case, the eigenvalues are
—— 4+ O[p] (C-11)
c
b? 5
c+ —+ O[Y] (C-12)
c
This means we can set m; = _71’2, Mg = ¢

The rotation matrix is

7~ N
[
Qo

— oo
v



C.2 Diagonalization of mass matrices - General case 61

C.1.3. Particular case: a =0,b > ¢

In this case, the eigenvalues are

2

c c
b+ - —— 3 -1
+ 57 % + Olc]?, (C-13)
b+c+02+0[]3 (C-14)
— — c —_
2  8b
so we can leave my = —b+ 5, mo = b+ 5. The rotation matrix is

c —_—

1 1
a(vab) V2 v V2

1 c c
V2 ooa(va)  a(va) V2

1
V2
C.2. Diagonalization of mass matrices - General case

We consider a unitary matrix €2 which block-diagonalizes the mass matrix M

0 M U*mdiag(jt (@)
QTMO =QF Pla= . -1
( Mp My > ( o7 V* Mgy ) (C-15)

with @ a matrix with all null entries. 2 may be formally expressed as the exponential of a

Q:exp( 0 R). (C-16)

anti-hermitian matrix [30]
—-RT O

C.2.1. For My > Mp

If My > Mp (e.g. the Majorana mass of a RH neutrino belongs to a heavy scale)

1- B R 5
e +0 (R%). (C-17)
2

Using (C-15), from the off-diagonal elements we find
R* = MpMy*, R' = My'M}, (C-18)
And substituting for the diagonal elements, we get the mass matrices

U*mdiagUT — _R*]\/[g — —MDMj;lMg
_ _RMR (C-19)
) 1
V*MdlagVT _ MN + §(RTMD + MgR) (C—20)
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C.2.2. For My < Mp

When My < Mp (for example, if neutrinos are pseudo-Dirac)

1 /1 1 188 g )
Q:_( ) 3 s | HO(S%).
V2 \ -1 1 ( —-st 155

Under the conditions Mg = MD, ]\4]\/5Jr = STMN,MNS = S*MN’MDST = STMD,MDS =
S*Mp, we find

S = St= —iMDlMN, (C-21)
S* = ST = —}LMNM; (C-22)
and the mass matrices
U'mieyt = —Mp + @ — %MNMDlMN, (C-23)
VEMYeEsyT = My + My + 1 NMptMy. (C-24)

2 8
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