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Abstract

Based on observations of neutrino oscillations in solar, reactor, and atmospheric

experiments, a relationship between measurements emerges: the ratio of squared

mass differences: A = \/ (Am2 ;) /(Am2,,) < 1. If we assume that the mass terms are
functions that can be expanded in a series using A as the sole expansion parameter,
a matrix structure of neutrino masses emerges, expressed in a general form as
My ~ My+ 6M(A), where M represents the zeroth-order matrix of the expansion,
and 6M is a matrix formed by smooth complex functions of A. In this work, I
introduced a general method for diagonalizing the neutrino mass matrix, which
is applicable independently of the nature and hierarchy of neutrinos. Utilizing

the Takagi’s lemma as the basis for this diagonalization process, I successfully

2

2ims @s well as determined the

derived the squared mass differences, Am?, and Am
mixing angles and the CP-violating phase. All these observables are expressed
in terms of the expansion parameter A. As an application of this perturbative

model, I considered Dirac-type neutrinos, which imply a hermitian mass matrix. By

2

considering Am ol

— 0, the neutrino spectrum becomes doubly degenerate, resulting
in a matrix structure My. Through the corrections 6M(A) and the proposed method,
successfully determining the masses and angles mentioned earlier was achieved.

Finally, I conducted a numerical analysis, confirming the validity of the method.






Resumen

A partir de las observaciones de las oscilaciones de neutrinos en experimentos so-
lares, de reactores y atmosféricos, emerge una relacién entre las mediciones: la razén

de las diferencias de masas al cuadrado: 4 = /Am?2 , /Am2,,, < 1. Si asumimos que
los términos de masa son funciones que pueden expandirse en serie usando a A como
tinico pardmetro de expansion, surge una estructura matricial de masas de neutrinos,
expresada en forma general como M, ~ My+ 0M(A), donde M, representa la matriz
a orden cero de la expansién y M es una matriz formada por funciones complejas
suaves de A. En este trabajo introduje un método general para diagonalizar la matriz
de masas de neutrinos, el cual es aplicable independientemente de la naturaleza
de los neutrinos y de la jerarquia que ellos poseen. Utilizando el lema de Takagi
como base para este proceso de diagonalizacion, se logro derivar las diferencias de
masas al cuadrado, Am2 ; y Am2,,,, como también determinar los dngulos de mezcla
y la fase de violaciéon de CP. Todos estos observables en términos del pardmetro de
expansiéon A. Como aplicaciéon de este modelo perturbativo, se considero neutri-
nos del tipo Dirac, el cual implica una matriz de masas hermitiana. Al considerar
Am?, — 0, se degenera doblemente el espectro de neutrinos dando como resultado
una estructura de la matriz M, que mediante las correcciones M (), se aplico el
método propuesto el cual permitié determinar con éxito las masas y angulos antes
mencionados. Finalmente, realice un analisis numérico el cual confirma la validez

del método.
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Introduction

Three of the four fundamental forces of nature are studied by the Standard Model,
namely, the strong, weak, and electromagnetic forces. This model has successfully
described a large number of phenomenological observations of interactions among
elementary particles, and a vast amount of experimental analyses support the theory.
However, the Standard Model is not a complete theory, as it does not allow for the
prediction of certain experimental observations. For instance, the case of the dark
components of the universe suggests fundamental elements not accounted for in
the model, as well as observations of neutrino oscillations, indicating that neutrinos
have mass and mix.

To attempt to provide an explanation for the masses of neutrinos, as well as
their nature, mixing angles, matter-antimatter asymmetry, and dark matter, the
possible extensions of the Standard Model are often explored. The Standard Model
is constituted by the gauge symmetry group SU(3)c x SU(2). x U(1)y. A minimal
extension involves the addition of right-handed neutrinos. It is important to note
that this does not introduce an extra symmetry group, rather, the mere consideration
of right-handed neutrinos introduces new Yukawa couplings that allow for the
generation of mass terms for neutrinos. There are two possible natures for these
particles: Dirac-type and Majorana-type. Neutrinos are said to be of the Dirac type
if the antiparticle and the particle in question are distinct, meaning the antiparticle v
is different from v, and of Majorana nature if the particle and its corresponding an-
tiparticle are the same. This latter nature of neutrinos allows for the implementation
of the seesaw mechanism, which explains the relative measurements of the masses
of observed neutrinos compared to quarks and charged leptons, which are much
heavier [1]. However, although this seesaw mechanism explains the smallness of
neutrino masses, it does not provide an explanation for their mixing.

The unitary matrix known as the PMNS matrix (Pontecorvo-Maki, Nakagawa-
Sakata) appears in the vertices of the electroweak flavor-changing interaction through
the W bosons when expressed in the basis of mass eigenstates rather than the weak
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eigenstate basis [2, 3]. This occurs in the Lagrangian of charged current. Likewise,
these weak and mass states are a linear combination weighted by the elements of the
PMNS matrix, which results in neutrino mixing. For this reason, it is said that this
matrix plays the same role in neutrino mixing as the CKM matrix does for quarks.
The mixing matrix in the PMNS parametrization can be written as the product of
three rotations, two real and one complex, namely: U = R»3(623)R13(613,0)R12(612),
where 6;; are the mixing angles, and § is the Dirac CP phase [4, 5].

Neutrino oscillations indicate that experimentally, it is only possible to determine
the squared mass differences of the three standard neutrinos [6]. Experimental data
provide values for the two independent mass scales, Am? = 7.411“8:%(1) x 10 5eV2

sol —
and Am2,,,

= 2.507f8:%(1) (2.486f8:8%g> x 1073eV?, corresponding to the neutrino oscil-
lation differences for solar and atmospheric neutrinos, respectively, for the normal
(inverted) hierarchy.

By definition, hierarchy refers to the order of the eigenvalues of mass, m;,i=1,2,3.
It is called the normal hierarchy (NH) when it satisfies m3 > m3 > m?, and it is
called the inverted hierarchy (IH) when it satisfies the relation m3 > m? > m% In
this same context, the following identification is made: Am?, = Am3, and Am?,,
Am3, (|Am3,

For the three mixing angles, we have the following values [6]: sin 0;2 = 0.3031“8:8%3,
sin 63 =0.45110012, and sin 8;3 = 0.02225 1000035, Additionally, §/° =23213¢ (276173).

From all of the above, certain peculiarities can be observed. The first one to

note is that by taking the ratio of the atmospheric and solar mass scales, we have

A =y/Am?  /Am2,, =0.1719. The tangent of the angle 6,3 has a value of 0.1616, which
is of the order of A. Similarly, the last peculiarity that is noticed is that the difference
between tan 8, and its maximum value is also of the same order. Consequently,
there are two scenarios here, either there is some relationship between these, or it
is simply a numerical coincidence. Apart from this, if it is assumed that the mass
terms are functions of A, these can be expanded into a Taylor series, giving rise
to a certain matrix structure for the neutrino masses (either for Dirac or Majorana
neutrinos) where the aforementioned apparent connections allow the construction
of the zeroth-order term in the expansion. In other words, using the parameter 4,
the neutrino mass matrix can be expanded in a Taylor series as My = My + SM(A),
which can then be diagonalized to reproduce all the characteristics of the oscillation
observations [5]. In this approach, at zeroth order, a maximal 6,3 is required with a
spectrum of two degenerate neutrinos, while keeping other mixings null. Once this
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degeneracy is lifted to provide the solar scale, all mixings are linked to this single
parameter.

In this thesis work, a general technique for the analytical diagonalization of com-
plex matrices has been developed, explicitly taking into account the observational
fact that the reactor mixing angle, 63, is relatively small. Using this approach, the
possible connection between atmospheric and reactor mixings was investigated,
suggesting a rather specific structure of neutrino mass matrices. As part of the
exploration of this mechanism, the case of Dirac neutrinos was examined. All of this
also allows for accommodating the expected value of the CP violation phase.

With this in mind, the structure of this document is as follows. In the first chapter,
I study the Standard Model with a deep emphasis on the electroweak sector, which
consists of the gauge symmetry group SU(2), x U(1)y. Similarly, I explore how the
implementation of the Higgs Mechanism leads to the masses of the bosons Z and
W= through spontaneous symmetry breaking, as well as the generation of fermion
masses as a consequence of the Higgs mechanism and Yukawa couplings. In this
chapter, I also address the issue of the absence of neutrino masses, which arises due
to the total lack of right-handed neutrinos.

In the second chapter, I investigate the possibility of neutrino masses by adding
three right-handed neutrinos, corresponding to the minimal extension of the Stan-
dard Model. Due to this extension, I discuss the two natures of neutrinos, namely,
Dirac and Majorana neutrinos. Based on the exploration in the central part of my
work, I describe the addition of a new U(1)p_; gauge symmetry, which allows to
consider only Dirac neutrinos and study the absence of anomalies in this symmetry.
To conclude this chapter, I describe the parametrization of a unitary matrix, the
diagonalization of a complex N x N matrix through a biunitary transformation, and
discuss CP violation and the Jarlskog invariant.

In the third chapter, I study the phenomenology of neutrinos, focusing on the
primary observations of neutrino oscillations. I then present the formalism for
neutrino oscillations, applying it to both two and three flavors. I also examine the
effects of matter and how they alter oscillation observables. Finally, I provide a brief
overview of the experiments involved.

The central part of the thesis lies in Chapter 4. In this final chapter, I provide a
general analytical treatment for the perturbative diagonalization of complex mass
matrices, explicitly taking into account that the reactor mixing is relatively small.
This diagonalization technique is closely based on the Takagi factorization, where
the matrix to be diagonalized is the square Hermitian of the mass matrix, that is, a
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technique is developed for the matrix MyM,. This approach allows us to consider
both natures of neutrinos in a general manner. Using the Takagi factorization
lemma, the matrix is diagonalized. Furthermore, this approach permits exploring
the connection between atmospheric and reactor mixings, revealing that neutrino
mass matrices possess a pretty specific structure. Similarly, this method allows for
an analysis of CP violation and the accommodation of the expected value of that
phase, noting that, to enhance the latter, Dirac neutrinos were considered.

To conclude the chapter and my thesis work, I proceed to provide a numerical
analysis of diagonalization on the mass matrix structure, thereby verifying the
correctness of the proposed method, taking into account the oscillation parameter
values reported at the 1o and 30 confidence levels.

We present conclusions and some perspectives in Chapter 5. Additionally, we
have included a couple of appendices to enhance technical clarifications regarding
the analytical approaches we are presenting.



CHAPTER

The Standard Model

The gauge groups determine (from the physical point of view) the interactions
and the number of vector bosons corresponding to the generators of the group.
In this sense, the standard model is a Gauge theory based on the local symmetry
group SU(3)¢c x SU(2) x U(1)y, which is a direct product of the symmetry groups
of strong interactions, SU(3)c, and electroweak interactions, SU(2),, x U(1)y, while
the symmetry group of electromagnetic interactions, U(1)., is a subgroup of the
electroweak interactions. This implies that weak and electromagnetic interactions

are unified.

1.1 The Electroweak Lagrangian

The Standard Model is essentially a gauge theory associated with a specific symmetry
group. As a result, it is possible to determine the generators of the group. In the
present case, we have 8 generators for SU(3)¢ called gluons, which are massless and
mediate strong interactions. There are also 4 gauge bosons, out of which 3 (W* and
Z) are massive, while one is massless (the photon). These gauge bosons correspond
to specific combinations of the 3 generators of SU(2); and one of U(1)y.

Electroweak interactions can be studied independently from color interactions
due to the unbroken symmetry of the strong interaction. The group SU(3)¢ acts
trivially on the C? space, which is the Higgs field space, and there is no mixing
between the strong and weak sectors [7]. The weak interaction is the one involved
in neutrino interactions. This force or interaction is very short-range, around 10~
meters, due to the mass of the W and Z bosons, which have a mass of approximately
90 GeV.
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Ve €L eg | up dp ugr | dg
L|1/2 -1/2|0 |1/2 -1/2|0 0
Y |-1 -1 211/3 1/3 [4/3|-2/3
010 -1 -112/3 -1/312/3|-1/3

Table 1.1 First family of leptons and quarks, right-handed and left-handed. Their third component
of isospin, I3, hypercharge, Y, and charge Q are listed.

The symmetry group SU(2);, is known as weak isospin, which acts non-trivially on
the left-handed chirality components of fermionic fields, i.e., they are doublets, while
the right-handed chirality components are singlets under the action of elements
of the group SU(2);. The generators of this group (three generators, I, where
o = 1,2,3) satisfy the commutation rule [Ia,lﬁ] = i€ypgyly. We also have the group
U(1)y, known as hypercharge, which is generated by the hypercharge operator Y,
which is related to I3 and the charge operator Q through the Gell-Mann-Nishijima
relation given by
Y

Q:I3+E-

This relation is useful as it allows us to fix the value of Y for the fermionic fields.
On the other hand, the commutation relation between Y and I satisfies the identity
[lg,Y] = 0. The quantum numbers of the fermionic fields (first generation) are listed
in Table 1.1. For the second and third generation, the values are completely identical.

It is necessary for the theory to be locally gauge invariant, which requires the
introduction of three gauge boson vector fields associated with the three generators
Iy of the SU(2);, group, which we denote as A‘Oﬁ. Additionally, a gauge boson vec-
tor field associated with the generator of the U(1)y group, denoted as M,;, is also
necessary.

Furthermore, to construct the gauge invariant Lagrangian, it is necessary to
define the covariant derivative D, which replaces the ordinary derivative d, in the
Lagrangian. In general, the covariant derivative is given by

where k is a constant, the 7, are the generator matrices for the group SU(N) and A}
are a new set of fields. Defining A, = TaAff. Thus, acting on the fields, the covariant
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derivative is
(Du®) ;= 0u®; +ig [Au] ; Pi.
In the case of a doublet, the derivative is given by
Al g ¥
Dy = dy +igAgla +ig M“E’

where the constants g and g’ are two independent coupling constants associated
with the SU(2), and U(1)y groups, respectively [8]. While in the case of a singlet g;,
we have

Dyuqj= 9y +ig'yiMy] q;.

Let us choose the representation in which we will arrange the fermions, which is
to take the left-handed chiral components of the fermionic field grouped in a weak

I, = (V&L> (1.2)
ol — ai 9 .

/ / /
ro_ (L Y (L
QlL—<d2>7 QzL—<S,L>, Q3L—<b,L>7

where L], represents the leptons, o = {e,u,7}, and O, represents the quarks,
i= {1 2,3}. Meanwhile, the right—handed chiral components are singlets, for exam-
ple 0 = ep, s1m11ar1y for u and t!. While for the quarks we have the following
configuration q[3 ' = Bk, where B = u,c,1, similarly ¢}} = ki, where k =d,s,b. With

isospin doublet, that is

!t is convenient to define the following arrays of charged lepton fields: ¢}, = (¢} u; ‘L'DT and
U= (g Wi TI/Q)T, which will be used later. The prime symbol indicates that the fields are weak

eigenstates.
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this, it is possible to write the most general Lagrangian that symmetries allow [9]:

L =il P Loy +i0, P Oy
+ilyr P lor, + a5 P dik+id% P diz
1 1

_ZA”\/A“V - ZM,U.VM”‘/

+(Dp®)" (D°D) - 20t e - A (') ’

- ¥ (Y&%L&ché’ﬁ . +h.c) (1.3)
o,f=e,u,t

- Y Y (YB0udqfi+hc)

a=1 ,273 ﬁ :d7s7b

- Y Y (v40uPafthe),

a:1 ,2,3 B:uyc’[

where we have ® as the Higgs doublet, ® = i7,®* with 1 is the Pauli matrices and
Y"" are the elements of the matrix that determines the Yukawa couplings with the
Higgs doublet, which is generally a complex 3 x 3 matrix.

The Lagrangian (1.3) yields the electromagnetic interaction in the first two lines, the
third line includes the kinetic terms and self-couplings of the gauge fields, the fourth
line represents the Lagrangian for the Higgs fields responsible for spontaneous
symmetry breaking, and the last three lines contain the Yukawa couplings with the
Higgs that generate fermion masses and quark mixing.

If we focus solely on the first two lines, we can obtain the Lagrangian for weak
charged current (CC) and neutral current (NC) interactions, which are given by

=~ Wi jz jhW, +H.C (1.4)
CN g P
= — 4 1.
< 2cos By Jz%p (1.5)

where j§, is the fermionic charged current, which is given in terms of the charged
lepton current, J{,)V’L, and the quark current, Jl”)V,Q [8, 9]. On the other hand, we
have that j© is the neutral current, which is also given in terms of the neutral
lepton current, Jg ., and the quark current, JZ o The angle Oy represents the weak
mixing angle or Weinberg angle. Furthermore, we have defined the field W#, which
possesses the property of annihilating W bosons and creating W~ bosons, in a
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manner analogous to the creation and annihilation operators of angular momentum.
The expression is given by wH = (Aﬁ‘ — iAg ) / V2.

The interaction Lagrangian in Eq. (1.4) gives rise to trilinear couplings repre-
sented in the following diagrams. It should be mentioned that these diagrams only
depict the case of an electron interacting with its corresponding neutrino; for the
cases of muon or tau, the situation is analogous:

Considering only the first generation of quarks, Eq. (1.4) yields the following

w W
d u
u d

There are two other options that arise from the application of the crossing sym-

diagrams

metry. On the other hand, the Lagrangian of neutral current interaction,Eq. (1.5),
yields the following trilinear couplings:

V4 y4 V4
o) L) 4
e L) 4
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Analogously for the remaining generations of charged fermions?. It is important
to note that for these expressions, an orthogonal linear combination defines the field
of vector bosons Z* as follows

A" =sin OWAgt +cos By M*,
Z* =cos GWAQL — sin Gy M*.

Then, considering only the first family, we obtain the Lagrangian for neutral current

interactions as follows
1

— E(f/@L ({gcos Oy +¢'sinby } Z +{gsinOy — g’ cos Oy } A) Ver,

—ér ({gcos Oy —g'sinBy } Z +{gsin Oy + g cos O } A) er

—2g'er(—sinBy Z +cos Oy A)er).

gCN —

Since neutrinos do not couple to electromagnetic fields, it follows that the Lagrangian
for neutral current interactions leads to

gsin By =g’ cos Oy .

This implies that the coupling constants are connected to the weak mixing angle,
which is an important relationship in particle physics [10].

With this, we understand how the W* and Z bosons interact, but the origin of
their masses and the masses of charged leptons has not been explained yet. In the
following sections, we will study the origin of masses and address the question of
neutrino masses, which will be further explored in Chapter 2.

1.2 Higgs Mechanism

In the Standard Model, the Higgs mechanism is the responsible for the masses of
the W and Z bosons, as well as the fermions. For this pupose, the following Higgs

2From all of this, it is observed that in the charged current, quarks change flavor, while for leptons
their respective neutrino is involved. In the case of the neutral current, the particles interact via the Z
boson, with only an exchange of spin and/or momentum.
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doublet is typically defined

+ X
(x) = (’;O((D , 16)

where the superscript + indicates the charged complex scalar field, while the super-
script 0 indicates the neutral complex scalar field. In the electroweak model, it is
common to introduce the doublet, given in the Eq. (1.6), because this is the simplest
way to induce symmetry breaking. It should be noted that we are working in the
Hermitian basis. The Higgs Lagrangian is

2
Lhtiges = (Dp®)" (DP®) — p2@'d — 4 (<I>*<I>> : (1.7)

which is invariant under the U(1) group of global transformations [11]. In this basis,
the potential is

i 2
V(®) = u2did 4+ A <<qu>> :
it is assumed that the coefficient u? is negative, in order to generate the spontaneous

symmetry breaking: SU(2); x U(1)y = U(1)¢m , see Figure 1.1. Neglecting the term
p*/A2, the potential can be rewritten as follows

V(D)= 2 (cpch—% (-“72))2

V:\/—%Z, (1.8)

therefore, the Higgs potential can be written in terms of this new constant

We define

2
V(®)=A (qﬂcp — %V2> : (1.9)

On the other hand, a vacuum vector is defined as an element of the Higgs vector
space W that is a minimun of a real-valued function V. The set of vacuum vectors in
W is called the vacuum space or vacuum manifold of V. From Eq.(1.9), it is easy to
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(a) Higgs potential for u? < 0 (b) Higgs potential for u? >0

Fig. 1.1 Higgs potential for the two cases of u?, always assuming A to be positive. In (a) spontaneous
symmetry breaking occurs, while in (b) it does not occur.

see that the minimun value of the potential occurs when

2
o=
2

so, a vector will be an empty vector for the Higgs potential, v € W, if and only
if its magnitude has the expression given in Eq. (1.8). This potential minimum
corresponds to the vacuum value (lowest energy state). When we are in the case of
u? < 0, we see from Figure 1.1a that there are a large number of degenerate ground
states, but none of them exhibit the original symmetry of the Lagrangian given in
Eq.(1.7), it is said that symmetry is spontaneously broken. When we have u? > 0, we
see from Figure 1.1b that the minimum occurs at the origin, so in the ground state,
the symmetry is present. There is no symmetry breaking.

The vacuum expectation value (VEV) of the Higgs field () is nonzero and is
due to the neutral scalar field since the vacuum has no electric charge, meaning its
electric charge is identically zero. Therefore, the charged scalar field ®" must have a
value of zero in the vacuum, while the neutral scalar field ®° can have a nonzero
value in the vacuum. Thus, the VEV is defined as

1 {0
(@) = 7 (V> : (1.10)

The field ®(x) can be expanded around the vacuum. Let H(x) be a Hermitian scalar
tield, which can be interpreted as a perturbation (excitation) of the neutral Higgs
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field about the vacuum. This perturbation represents the physical Higgs bosons,
therefore it can be written as follows (see Eq.1.8)

1 0
P(x) = 7 <V+H(x)) . (1.11)

Furthermore, it is common to use the following expression for the Higgs doublet

[12]
& — %exp{%}g'%} (v-l-(il(x)) |

where & (x) = {&1(x),&2(x),&3(x) } are real scalar fields, which represent nonphysical
states and T = {11, 7o, 73} where 74, a = {1,2,3}, are the three Pauli matrices. Since
the theory is invariant under SU(2);, it is possible to write (1.11). Note that under
this transformation, the physical states of the theory appear explicitly, which is called
the unitary gauge.

The concept of the unitary gauge is present in the electroweak theory. Let us
consider the following theorem regarding the existence of the unitary gauge in the
theory.

Theorem 1.2.1 Consider the electroweak theory with gauge group G = SU(2), x U(1)y
and the Higgs field is given in the form of 1.6, where each component of the doublet is a
function from M — C (where M is a connected and simply connected manifold). Let us
assume that the second entry is nonzero Vx € M = R*. Then there exists a physical gauge

()

where ¥ : M — R is a real-valued function. The transformed Higgs field 1 - ® is then in

transformation N : M — G such that

unitary gauge with respect to the vacuum vector (®) (see 1.10)°.

3For more information about the theorem and demostration see [13].
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Considering the expression (1.7) and (1.11), we obtain

1 2 2772 3 Ao 82V2 T i 82V2 m
D%Higgs :§(8H) —AV°H” — AVH® — ZH + TWUW + SCTOWZZMZ
2 2
+  wiwr? 4 S8 7, 74H (1.12)
2 4 cos Oy
g g
+EWWHH? + ———— 7, 7' HP.
4 8 cos Oy

The fifth and sixth terms are of significant importance since they correspond to the
mass terms of the W and Z bosons respectively:

’ 2¢c0s Oy

1.1

5 (1.13)
The second term of Eq.(1.12) corresponds to the mass term of the Higgs boson, with a
mass given by my = vV2Av2. The third and fourth terms generate the self-interactions
of the Higgs field, the last four terms generate the couplings of the Higgs field with
the gauge bosons (trilinear and quadrilinear couplings).

1.2.1 Nambu-Goldstone Bosons

The Goldstone bosons (also known as Nambu-Goldstone bosons) are bosons that
arise from the spontaneous breaking of symmetry. These bosons are associated
with the generators of the broken symmetry. It should be noted that spontaneous
symmetry breaking occurs when the ground state is not invariant under the trans-
formations of the group. In other words, the Nambu-Goldstone bosons correspond
to perturbations of the Higgs field along the symmetry group orbit. On the other
hand, the Higgs bosons correspond to perturbations orthogonal to the orbit. The
Goldstone’s theorem can be stated as follows [14].

Theorem 1.2.2 Goldstone Theorem: If a Lagrangian is invariant under a continuous sym-
metry group that has n generators, and if its ground state is symmetric under a continuous
group contanining n/ generators, there should be n — nt massless states®.

Based on what has been said before and the Goldstone’s theorem, we have the
following corollary: For every spontaneously broken continuous symmetry, the
theory must contain massless particles called Nambu-Goldstone bosons, which are

4For a proof of this theorem, see the reference [15].
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scalar fields with zero mass. On the other hand, Higgs bosons are scalar fields with

non-zero mass [16].

1.3 Fermion masses in the Standard Model

A consequence of the Higgs Mechanism is the generation of fermion masses through
the Yukawa coupling of fermion fields with the Higgs doublet. Let us consider the
Lagrangian in Eq. (1.3), particularly the fifth line, as it contains the masses of the
leptons, while the sixth and seventh lines contain the masses of the quarks, which are
not very relevant for the present thesis. Thus, we can derive the masses of leptons
from:

— ¥ (YepLer®le Vgl ) =~ Y VapLer®lpe+ Heeo  (114)
o,f=e,u,t o,f=e,u,T

From this, it can be seen that in the standard model neutrinos are massless because
their fields do not have a right-handed component®. On the other hand, the matrix

of Yukawa couplings Y"' is, in general, a non-diagonal 3 x 3 complex matrix. Now,
let us consider the doublet Higgs as in Eq.(1.11), to have

H _
2 o,f=e,u,t

where the index Y, F indicate the Yukawa coupling of leptons sector. In the matrix
form the Higgs-lepton Yukawa Lagrangian (1.15) is

v+H

V2

Since the matrix Y is not diagonal, the charged lepton fields do not have definite

Lyp=— ( ) 0 Y" s+ H.c. (1.16)

masses. To obtain these fields with definite masses, it is necessary for ¥ " to be
diagonal. For this, it can be diagonalized through the biunitary transformation (see
Theorem 2.3.1)

viy'vi =y’

°A fermion mass term must involve a left-handed and right-handed fields, a coupling of type:

ff=rfr+frfL
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with Y, é p= ¥4, 8 - Where v/} and V} are two appropriate 3 x 3 unitary matrices. This
diagonalization, applied to expression (1.16), leads to

Byp=— (V\%H) 7, ( YWT) Ch+H.c (‘igl) <Z’va) y! (v,f%) Y He.

We then define

er €R
=V = u , =Vl = | ur | (1.17)
TL TR

They are the mass eigenstates obtained via the rotation. Therefore, the Higgs-lepton
Yukawa Lagrangian can be rewritten as

v+H

V2

Now, writing the fields of the charged leptons with definite masses as (o = {qr + {ar

Hrp=— ( ) 0 Y'r+H.c. (1.18)

where @ = e, i, T we have
VeV 7 Ve
— Ly r = Z 2 Ma +Z szzaea (1.19)

The first term of Eq.(1.19) is the mass term for the charged leptons [9]:

14
Mg = % (1.20)

and the second term, proportional to the Higgs Boson field, gives trilinear couplings
between the charged leptons and the Higgs boson, whereas the neutrinos do not
couple to the Higgs boson. On the other hand, the leptonic charged weak current
can be written as

JwL=2V17°,

where

~
~

(1.21)

=
I
<
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Using the expression of the mass eigenstates defined in Eq.(1.17), we have
fov =207 (VieL).

Let us perform the transformation to the mass eigenstate basis (in a manner analo-
gous to the equation 1.17 ) using the following relation

VeL
ve=Vivi=vu |- (1.22)

ViL

So, the leptonic charged weak current can be rewritten as
L oyt 14 — 9
for =2 (wvi") v (Vie) = 2re, (1.23)

From this expression, it can be seen that neutrinos vy, where ot = e, u, 7, couples
only with the corresponding charged lepton, that is, v. couples only with e, for
example. These neutrinos v, defined in Eq.(1.22) are called flavor neutrino fields.
Furthermore, any linear combination of massless fields is a massless field. Therefore,
flavor neutrino fields are also mass eigenstates. However, in physics beyond the
Standard Model, the flavor neutrino fields are not mass eigenstates, this phenomenon

is known as neutrino mixing [17].






CHAPTER

Massive Neutrino

In the previous chapter, I have studied the Higgs mechanism and Yukawa couplings,
which allow for the generation of mass for charged fermions. In the current chapter,
I will discuss the existence of massive neutrinos, as well as the Dirac and Majorana
mass terms and the mass matrix that arises from them.

2.1 On the Hints of Neutrino Mass

We have seen that through Yukawa couplings with the Higgs doublet, it is possible
to generate fermionic masses. For this, both left-handed and right-handed fields
of fermions are necessary. However, in the choice of fermion doublets and singlets
in Eq.(1.2), the possible existence of the neutrino right-handed components, v,
has not been taken into account, as there was no phenomenological reason to do
so. If the right-handed component of neutrinos is introduced, the left-handed and
right-handed neutrino fields could couple through the Higgs mechanism to generate
a mass term.

Theoretically, there are not sufficiently valid reasons to not consider the right-
handed components v, since there is no preserved gauge symmetry (as in the case
of the photon) that would indicate the absence of neutrino mass.

As a motivation for the theoretical search for neutrino masses, particle physics
aims to be a unifying theory [1]. In this regard, we must ask the question: How
can we extend the standard model to incorporate massive neutrinos? However, we
must also consider other aspects related to the previous question. It is expected that
the masses of the neutrinos v, v;;, and v; differ by orders of magnitude, much like
the case of the ¢, i, and t. Moreover, it is known that the masses of neutrinos are
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much smaller than the mass of the electron!. So, the question arises: Is there any
model capable of explaining the smallness of neutrino masses? The answer is yes.
Currently, there are extended theories of the standard model that provide a certain
degree of response to these questions.

There are two main categories of experiments involving the search for neutrino
masses: kinematic and exclusive [18]. In the first type, any process allowed by the
standard model is considered, with the only condition that neutrinos are present in
the final state. An example of such processes can be the decay of the 7 or the pion.
In the case of pion decay, the energy of the muon can be measured, allowing the
determination of the mass of the muonic neutrino, v, as the energy depends on the
neutrinos mass.

The second exclusive experiments type essentially revolves around experiments
that seek processes that are not allowed (under the assumption that neutrinos have
no mass). If such a process is observed, it is a clear indication of neutrino mass.
However, not everything is as straightforward, since assumptions need to be made,
and one of the most common assumptions is neutrino mixing. A clear example is
neutrino oscillations and magnetic properties, among others.

Although these two types of experiments, the kinematic one, which we could say
is a direct search, is quite obsolete. This is because, if we observe the final spectrum
of muon momentum, it does not generate monochromatic lines corresponding to
mass eigenstates. However, considering the experimental resolution, upper limits
on the neutrino mass can be obtained (under the assumption of neutrino mixing) [1].

If we consider the standard solar model proposed by Bahcall [19], a certain
amount of neutrino flux is expected to come from the Sun. However, experiments
have shown a deficit in the flux of neutrinos emitted by the Sun, favoring the
consideration of neutrino mixing. To explain this more clearly, let us consider a
beam of pions that decay into muons and muonic neutrinos, which after a certain
time encounter a detector that searches for neutrino interactions. In this detector,
an interaction with an electron in the final state is detected. As we know, muonic
neutrinos do not interact with electrons; it is the electronic neutrinos that do it. The
only way to explain what is detected is if the v;; neutrino had transformed into an
V. neutrino. This is known as neutrino oscillation, and the possibility of having
this phenomenon finds its fundamental basis within the framework of Quantum
theory, where it is possible to write a neutrino produced by the source in terms of a
superposition of mass eigenstates. The evidence of this phenomenon provides two

!In general, it is known that the mass of neutrinos is smaller than that of quarks and fermions.
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very important parameters: the squared mass differences of the neutrinos, Am?, and
the mixing angles [20].

2.2 Dirac and Majorana Masses

The mass of neutrinos is a topic of paramount importance in the physics of the
Standard Model and its extended theories. As I have mentioned, the origin of
neutrino mass and its smallness are questions that are currently being actively
explored. There are indications that the neutrino masses are manifestations of low
energy physics beyond the Standard Model, and their smallness is attributed to
a suppression generated by a new high-energy scale. Furthermore, as we saw in
Chapter 1, even the origin of the values of masses for charged quarks and leptons
remains a mystery within the standard model. All of this leads us to believe that
the standard model should be considered as an effective theory derived from the
low-energy limit of a more comprehensive theory, where quark and lepton masses
can be derived from fundamental principles. In the following, we will delve into the
study of Dirac and Majorana neutrino masses.

2.2.1 Dirac Masses

A Dirac neutrino mass can be generated using the same Higgs mechanism as in the
Standard Model. Let us consider the Dirac Lagrangian

LDirac = v (i’}’”a“ +mD) v, (21)
where the first term is the kinetic term and the second term is the mass term:
Lnp = Ympy =mpyy. (2.2)

Now, let us consider y arbitrary spinor. Considering the properties of Weyl spinors

and the anticommutation relation of gamma matrices, we can demonstrate that

VY =YL YL+ VYR + VL YR+ VYL and Yy = 0= YRk, 50

YV =V YR+ YrVL. (2.3)
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Therefore, we can write Eq.(2.2) as

Ly =mp (VL WR +WRYL) - (2.4)

From this, we can observe that a Dirac mass connects two distinct Weyl fields. On
the other hand, it is evident that the only extension required for the standard model
is the introduction of the right-handed component, vg, of neutrino fields. All of this
leads to the following definitions [21].

Definition 2.2.1 ACTIVE NEUTRINO: We refer to active neutrinos as left-chiral Weyl
neutrinos that transform as doublets under SU(2) and are paired with a charged lepton,
resulting in weak interactions.

This type of neutrinos appears in the representation chosen to order the fermions in
doublets as Eq.(1.2)

Definition 2.2.2 STERILE NEUTRINOS: We refer to Sterile Neutrinos (also know as right-
handed neutrinos, Vg) as singlets under SU (2), which do not interact weakly, strongly, or

electromagnetically. They only interact through mixing or interactions beyond the Standard
Model.

Applying this to the Dirac mass term, we notice that it connects an active neutrino

with sterile neutrino:
Ly =mp (VLVR+VRVL). (2.5)

The number of right-handed neutrinos is not constrained by the theory. However,
only three will be considered, corresponding to e, i, 7. With this minimal extension,
the Higgs-lepton Yukawa Lagrangian, Eq.(1.14), can be rewritten as follows [9]:

Lyr=— Y, YupLa®lpgp— Y YpLo®Vpe+H.c. (2.6)
a7B:e’u’T a7B:e’u’T

where YV is a new matrix of Yukawa couplings and vy is a vector column with
entries Vyg, Vg, Vygz- Let us consider that sterile neutrinos are invariant under the
symmetry of the standard model; that is, they are singlets of SU(3)¢c x SU(2), and
have hypercharge equal to zero. For this reason, the structure of the second term
on the right-hand side of equation (2.6) includes @, which has a hypercharge of -1.
Thus, the entire second term remains invariant under SU(2), x U(1)y.
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The diagonalization of the matrices (analogously to the procedure in Section
1.3) Y’* and Y"V, then proceeds through the following definition of chiral massive
neutrinos arrays

ViL VIR
Vi, Vi,
ny, :VL Vi=1| VoL |, ngR :VR TVR = 1| Var |- (2.7)
Vor, Vor

This leads to a neutrino mass term proportional to the VEV, as in Eq. (1.20) with the
only change of y, — y}, and also generates couplings with the Higgs field and the
Dirac massive neutrinos. However, this neutrino mass term obtained through the
Higgs mechanism with the mentioned extension is not able to account for the very
small values of the eigenvalues of the new Yukawa matrix, y/, leaving, like the mass
of charged quarks and leptons, an unknown in the Standard Model.

The leptonic charged-current interaction can be expressed as follows

Jovr =2Vl = 2mpv) TP vEe = ompv) ViR, 2.8)

Notice that the previous equation depends on the product of two unitary matrices
that were used to diagonalize the corresponding Yukawa matrices (see Eq.1.17).
Since the product of two matrices is unitary, the following definition is relevant.

Definition 2.2.3 The unitary Matrix
_yliyv
Upyns = VL Vi € U(3),

is called the Pontecorvo-Maki Nakaga-Sakata (PMNS) matrix. This matrix fulfills the
same function as the one in the quark mixing (CKM matrix) [22]. We designate U as the
mixing matrix within the leptonic sector. The PMINS matrix is frequently represented in the
subsequent manner

Uel UeZ Ue3
Upmns = | Uu1 Upa Ups | - (2.9)
U U U
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It is customary to define the left-handed flavor neutrino fields as

VeL
v =Uny, with VL= 1 VuL

ViL

Now we will briefly examine the case of Majorana mass term.

2.2.2 Majorana Masses

When neutrinos are of Majorana nature, the mass terms for these types of neutrinos

cannot be formed in dimensions less than or equal to 4. Neutrinos acquire Majorana

masses through an effective Lagrangian of at least dimension 5. This dim-5 operator

is suppressed by a factor, A, from the mass scale [23, 24]. Thus, the lowest effective

operator that generates Majorana neutrino masses is the dim-5 Weinberg operator
1

8=« <_Cm£f>*) (EIBTLLﬁ> Yhe, (2.10)

If one considers that the Higgs doublet develops vacuum expectation values (VEVs),
that is, after electroweak symmetry breaking, the Weinberg operator induces Majo-
rana masses for the light neutrinos. There are only three ways to generate the dim-5
operator at tree level. These are known as the see-saw mechanism type I, type II,
and type III, with the mediator being an SU(2) singlet fermion, triplet scalar, and
triplet fermion, respectively.

The Majorana mass terms only necessitate a single Weyl field. To comprehend
this, consider the Dirac equation with y = y; + yg, leading to the following expres-

sion:

iy Oy = myg, (2.11)
i'}"ua“ Yr = my. (212)

Considering a massless fermion, this equation experiences decoupling

iy, =0, (2.13)
iy O yr =0. (2.14)

A massless fermion can be described by a single chiral field containing only two
independent components. However, a 4-component spinor is not sufficient to
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describe a massive particle. To account for a massive particle, we can assume that
yr and y; are not independent; there exists a relationship connecting yr with yz
that satisfies Eq. (2.11) and Eq. (2.12). This implies that the two equations are two
ways of expressing the same equation for an independent field, namely ;. This is
achieved through the Majorana relation that connects the left and right fields,

wr=nCVL', (2.15)

where 7 is an arbitrary phase factor that can be eliminated by rephasing the field y;

1/2

as follows: y; — n'/“y; and C is the charge conjugation matrix. By considering Eq.

(2.11), we obtain the Majorana equation for the chiral field yg,
i oy, = mCyr” . (2.16)
The Majorana condition for the field v is:
v=Cyl. (2.17)

As neutrinos exclusively interact through weak interactions, the charge parity of
neutrino fields can be chosen arbitrarily. Taking w¢ = Cy}, the Majorana field can
be expressed as

W=y + VL. (2.18)

The Majorana condition can be written as

v =y (2.19)

Given that neutrinos are neutral, it follows from Equation (2.19) that neutrinos are
the only fermions capable of being described by a Majorana field2. A Majorana mass

term it can be written as

1
M = —EmVEVL +h.c. (2.20)
The total Lagrangian is
1 e e
M — 5 (VLi a v —l—Vgi a Vg —m (VEVL —l—VLVg)) , (2.21)

2The Majorana condition necessarily implies the equivalence between particle and antiparticle.
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where the superscript M indicates the Majorana case®. The factor of 1/2 is used to
avoid double counting since VLC and vy, are not independent [25, 9].

2.2.3 B-L Symmetry

As I previously stated, within the standard model, neutrinos are devoid of mass
due to the absence of right-handed neutrinos. However, as illustrated in section
2.2, upon the inclusion of right-handed neutrinos, neutrino mass emerges naturally
since no symmetry prohibits it. Moreover, as highlighted initially, the standard
model hinges on Gauge symmetries, a theory that has adeptly addressed core
inquiries about matter’s essence. Nevertheless, despite its accomplishments, it
remains incomplete, as it inherently fails to predict neutrino mass. This prompts us
to delve into extensions of the standard model, grounded in its Gauge symmetry,
such as the scenario involving the global symmetry U(1)g_r, where the quantum
number B — L signifies the difference between baryon and lepton numbers.*. So, one
type of minimal extension of the standard model is based on the Gauge group

KZSU(3)CXSU(2)L><U(1)YXU(I)B_L (222)

This can be broken to SU(3)c x SU(2). x U(1)y by a vacuum expectation value,
v/, which is assumed to be larger than the Higgs vacuum expectation value, v.
This group K can be written as SU(4') x SU(2). x U(1)y, where the fourth color is
considered to be B — L, which can be seen as a subalgebra of the Pati-Salam model,
which is free from anomalies [26-29]. Therefore, the global symmetry U(1)p_f, is
also anomaly-free®. However, it is worth noting that if the U(1)p_, symmetry is
considered as a global symmetry, it is anomaly-free within the standard model with
massless neutrinos, whereas if it is considered as a gauge symmetry (which implies
this symmetry is gauged), the anomalies will be canceled due to the existence of
right-handed neutrinos [30-32]. Thus, it is more useful to consider a U(1)p_1 gauge
symmetry in the extension of the standard model, as given in Eq.(2.22).

The invariance of the Lagrangian under this extension of the standard model
gives rise to a new gauge boson denoted as Cy;, in addition to having a new coupling

3Since neutrinos are left-handed, we use the left-handed chiral field v,

“Due to anomaly cancellations, this symmetry predicts the existence of the three right-handed
neutrinos.

51t is worth mentioning that under this minimal extension symmetry, Majorana mass terms are
not allowed as they do not preserve the B— L symmetry. Later, this fact will be justified, resulting in
only Dirac-type mass terms remaining.
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constant, g”, associated with U(1)p_r. On the other hand, to induce the spontaneous
breaking of U(1)p_r, a complex scalar field 1 is required in addition to the Higgs
doublet ® already present [33, 34].

2.3 On a Treatment of Three-Generation Mixing

I have mentioned in Chapter 1 that the Yukawa matrix is not diagonal, and therefore,
the fields of charged leptons do not possess a definite mass. For this reason, a
diagonalization process is necessary. The same applies when we have the Lagrangian
for Dirac masses (Eq. (2.5)) and the Lagrangian for Majorana masses (Eq. (2.21)).
In other words, the aim is to transform the mass terms from their original form to
extract the physical masses. To achieve this goal, two unitary matrices are used,
which I will describe next.

2.3.1 Diagonalization of the Mass Matrix

Theorem 2.3.1 Let M be a complex N x N matrix, and let Q and T" be two N x N unitary
matrices. Then, Q"MI" = m, where m;; = m;5;;.

Proof. Let us consider the matrix MM, which is obviously a Hermitian matrix, and
its eigenvalues are positive. This matrix can be diagonalized through a unitary
transformation (This is an immediate implication of Theorem A.1.1 from Appendix
A)

O"MM'Q = n?’,
where Q'Q =1 and (m?);; = m?§;;. Let us rewrite the above expression as
MM’ = Om?Q".
Now, observe that
Oom <m_1 QTM> —00M=M.
If defined I'" = m~!Q™M, then

M= QOmI",
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therefore
Q"ML =m.
By construction I' is indeed unitary, as can be deduced from:
= ) o)
—m ' 0'MMTQ (") =m0 (0n?Q") om™! = 1

In general, an N x N unitary matrix has N> independent parameters, which are
N(N —1)/2 mixing angles and N(N + 1)/2 phases. However, not all phases are
physical observables® [35, 9].

On the other hand. A unitary matrix, U, can be expressed as

U =D(w)Y23(623,M23)Y12(012,M12) Y13(613,M13)

=D(w)

i<j

where D (o) = diag (¢/”!,e/®2,¢'®), o being the set of phases’ and Y;; are unitary
and unimodular matrices. The elements of this matrix are [36, 37]:

[Xij (6ij:Mij) ] o5 = ap+ (cij — 1) (8aidp; + O jOp )
+8ij (eiT]i_i 6061'5[3]' — e M SajBﬁi) , (2.24)

with ¢;; = cos 6;; and s;; = sin 6;;.

It is important to note that the order of matrix products in Eq.(2.23) can be chosen
arbitrarily. However, different choices of order result in different parameterizations.
Following the idea discussed earlier from equations (2.23) and (2.24), we have that
there are N(N — 1)/2 mixing angles, while there are N(N + 1)/2 phases (considering
the general case). However, these latter phases can still be divided into two forms:
N phases @y and the remaining N(N — 1)/2 phases 7;;. By doing this, we can rewrite

®We have (N — 1)(N —2)/2 physical phases.

"This form of Eq.(2.23) and D (®) can be generalized to the N-dimensional case. In this work, I
consider only the case where N = 3, which is why I restrict the indices to i, j = 1,2,3. Otherwise, in a
general case, the indices would be i, j = 1,...,N and o the set of N phases.
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equation (2.23) in another form?® that allows us to extract N — 1 phases from the
N(N —1)/2 phases n;; in the product [9, 38].

For simplicity, we consider N = 2. In this case of two generations, a unitary
matrix can be written as

U— cos 0ei® sin Qei(@+M)
|\ —sin@ei@=1)  cosQei®

B e 0 em 0 cosO® sinO e M 0
L0 el 0 1)\ —sin® cos@ 0 1/

Notice that we have one mixing angle, 8, and three phases. However, in this simple
case, we can observe that the three phases, ®;,w,,n, can be removed through a
rephasing of the fields, leaving only the matrix of physical importance:

UZ(COS@ sm9>. (2.25)

—sin@ cos0

As we can see, this case is quite simple. However, for the three-generation case,
it becomes more complicated. As I mentioned earlier, there are various ways to
parameterize the mixing matrix U. Nevertheless, the standard parametrization
chosen by the Particle Data Group (PDG) is the following [2]:

C12€13 512€13 e
Upmns = | —S12¢23 — 12523513 c1aco3 —sipsmzsize®  sozens |- (2.26)

()

. 5
512823 — €12€23513€'° —C12823 — $12023513€'° €23C13

This form of expressing the unitary matrix U is a more convenient parametrization
known as the symmetric form [4]. In the case of three neutrinos, it is given as

Upmns = Y23 (623,M23) Y13 (613, M13) Y12 (612, M12) (2.27)

where 1;; is defined by Eq.(2.24).

8U=D(w—0) [Hij Qi (6,7, 9i+Mij — @;)] D (), where ¢ is an arbitrary set of phases that allow us
to extract the N — 1 phases from 7);;.
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2.3.2 CP Violation

The union of parity and charge transformations is known as the CP transformation.
In general, when the action is not invariant under this CP transformation, the theory
violates CP. Gravitational, electromagnetic, and strong interactions do not violate CP
symmetry. However, in the electroweak theory, there are cases where CP symmetry
is violated, such as in the decays of the KO meson and the B meson, as well as
in neutrino interactions, while it is respected in many other processes. This CP
violation is significant because it is related to the matter-antimatter asymmetry in
the universe, namely, the CP violation is a necessary condition for baryogenesis.

The Standard Model allows for CP violation if a complex phase appears in the
CKM matrix (or the analogous matrix for lepton mixing). Let us delve into this in
more detail. When all manipulations are performed to rephase in such a way that
allows us to eliminate all non-physical phases in the Yukawa couplings, we find that
there is only one complex parameter left. This is where the CP violation parameter
resides. In the basis of mass states, this phase appears in the unitary matrix (see
Eq.(2.26), we can say, but with great caution, that the delta phase is the CP violation
phase). This type of rephasing is the form [9]:

Ugj=e VoUg e™Vi. (2.28)

On the other hand, physical observables do not depend on the parametrization of the
mixing matrix. It is both possible and necessary to work with quantities that remain
invariant under rephasing transformations, as specified in Eq.(2.28). The squared
moduli of the amplitudes are always observables, and therefore, any observable is
invariant under the rephasing transformation in Eq. (2.28). We are only interested in
measurable quantities that are invariant under these rephasing transformations; for
example,

|Uaj|* = UajUZ;. (2.29)
However, the next invariant term is [39, 40]
g =UarUp jU¢; iUy Va #£ Bk # j. (2.30)

This follows from the fact that (as we will see in Chapter 3), the oscillation probability
depends on the product of four elements of the mixing matrix (which is precisely
the product given in Eq. 2.30). Since the oscillation probability is an observable, it
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follows that it is independent of the parametrization of the mixing matrix (angles and
phases). Since, in general, U is complex, then *[g ; is also complex. Their imaginary
parts provide us with a tool that is very useful for assessing the complexity of matrix
U and, consequently, CP violation in an invariant manner. Due to the unitarity of
the matrix U, the imaginary part of ®*[g; is unique [9].

We have the following definition.

Definition 2.3.1 The Jarlskog invariant is’[42]:
J=Im [llmzz] =Im [U11U22U1*2U2*1] . (2.31)

Using the parameterization given in Eq. (2.26), it follows that the Jarlskog invariant
is given by

1
J= 3 sin2601, sin20,3 sin260;3cos H13sin 8. (2.32)

Hence, J = 0 if and only if ¢ = 1 (which happens if and only if the PMNS (or
CKM) matrix can be brought into real form) or if any of the mixing angles is null.

On the contrary, we can assess the level of CP violation at low-energy by examin-
ing the following invariant in the weak basis [43, 44]:

Tr [, Hy]® = 6ido1 ApAsi I [(F64)12(6,)23(F4,)31], (2.33)

where J4, = MVM\T,, H, = mgm;f, with M, the usual light neutrio effective mass ma-
trix!? and Ay = (mi —m2), analogous expressions for A3; and Asz;. On the other hand,
the right side of Eq. (2.33) can be written in terms of observables [45], particularly in

terms of the Jarlskog invariant
Im [(J)) 12(H5)23(H6)31]) = —Am3 Am3, Am3, (2.34)

where the Amlzj represents the usual neutrino mass squared difference, and J denotes
the Jarlskog invariant. Alternatively

Im [(A)12(A)25(H0)31]

J=
2 2 2
AmZIAm3 |Ams3,

(2.35)

Without loss of generality, I have particularized the invariant to the case that is most useful in my
development and also the most commonly used in general. The Jarlskog invariant is a multi-linear
map [41].

10Tn this weak bases invariant, m; denote the charged lepton mass matrix.
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It is important to note that even though Egs. (2.32) and (2.35) represent the same
thing, the latter offers more advantages when performing calculations, as there is no
need to rely on the mixing matrix. In the model presented in Chapter 4, I use this
fact to carry out my research as promised.



3

CHAPTER

Neutrino Phenomenology

A peculiarity of neutrinos is their difficulty in detection. They are only detected
through their weak interactions. The different flavors of neutrinos can only be dis-
tinguished by the flavors of the corresponding charged lepton produced in the weak
charged current interaction. Furthermore, despite the fact that neutrino interactions
have a very small cross-section, it is possible to observe them using sufficiently
massive detectors. However, the study of the solar neutrino problem through the
SNO experiment allowed for the strong postulation of neutrino oscillations.

3.1 In Relation to the Observations and Oscillations

The solar nuclear fusion produces a flux of electron neutrinos on the order of 103%v, /s.
These neutrinos are produced according to the following reaction (PP cycle) [46]:

P+P—D+et +v,.

Then, we have the reaction D + P —>% H, + v, wich, in turn, leads to one last reaction:
3H, +3 H, —5 H, + P + P, thus completing the PP cycle. The energy of the neutrinos
produced in this process is low, less than 0.5 MeV, making their detection challenging.
Consequently, experiments involve the detection of high-energy solar neutrinos
originating from the B decay processes of boron-8, 8B, which generates neutrinos!
with energies exceeding 15 MeV.

The first detection experiments used radiochemical techniques to measure the

solar neutrino flux. The Homestake experiment, located in the Homestake Mine in

!The ®B is produced through the fusion of two helium nuclei
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South Dakota, USA, consisted of a 615-ton tank of C,Cly. It determined the solar
neutrino flux by observing the process v, +37Cl =3 Ar+e~ and counting the number
of 3Ar atoms. This count yielded an observed rate of 0.48 neutrino interactions per
day. However, an expected rate of 1.7 interactions per day was anticipated, resulting
in a deficit. This deficit is known as the solar neutrino problem. Following this
experiment, two other experiments, SAGE and GALLEX, were conducted. They used
gallium as the detector, providing sensitivity to low-energy neutrinos. Nevertheless,
these experiments also detected the same deficit in solar neutrinos.

In 1989, the Super-Kamiokande experiment was conducted, which is essentially
a 50,000-ton water Cherenkov detector. Here, solar neutrinos are detected through
the proccess of elastic scattering v.e™ — v.e~ [46, 10]. The final state electron is
relativistic and can be detected from the Cherenkov radiation photons emitted at
a fixed angle relative to its direction of motion. The number of detected photons
provides a measure of the neutrino’s energy and the direction of the electron.This
allows the observation of elastic scattering interactions of electronic neutrinos. It is
worth noting that this experiment is sensitive to the flux of neutrinos from 3B. The
measurement indicated that the flux of electronic neutrinos is approximately half of
what was expected.

Due to these observations, three explanations were proposed for this. The first
possible explanation is that the theoretical calculations were incorrect. The second
possibility was an error in the experimental measurements, and finally, the third
possible explanation is that neutrinos were not fully understood.

A decade later, the Sudbury Neutrino Observatory experiment took on the task
of measuring both the total solar neutrino flux and the solar electron neutrinos.
This experiment consisted of 1000 tonnes of heavy water in a 12-meter diameter
vessel. The use of heavy water provides the opportunity to detect solar neutrinos
through three different processes®. The charged current is kinematically possible
and is sensitive only to the electron neutrino flux. On the other hand, all flavor
neutrinos can interact with the deuteron through the neutral current, thus, neutral
current processes are sensitive to all three flavor neutrinos [46, 10]. Finally, neutrinos
can interact with atomic electrons through elastic scattering, which is sensitive to all
flavor neutrinos but more significantly to the electron neutrino.

The different angular and energy distributions of Cherenkov radiation from these
interactions allow for the determination of the rates for each process. The observed
charged current (CC) rates were consistent with the electron neutrino (v,) flux, and

2The binding energy of the Deuteron is similar to that boron-8.
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the rates for neutral current (NC) interactions were also consistent with the total
neutrino flux. This provided evidence for an unexpected flux of v, and v; from
the Sun. In conclusion, SNO’s data demonstrated that the total neutrino flux from
the Sun is consistent with theoretical expectations. Moreover, it revealed that not
only V, is detected but also contributions from muon and tau neutrinos. Since these
cannot be produced in the Sun, this provided clear evidence for neutrino oscillation,

implying that neutrinos have non-zero mass.

3.2 Neutrino Oscillation

The so called mass states are physical states that are stationary states of the free
particle Hamiltonian, satisfying Hy = id;y. The mass eigenstates of neutrinos
are defined in Eq.(2.7) and the weak eigenstates in Eq.(1.22). It is important to
mention that these states do not correspond to the weak flavor states vq, with
o = e, U, T, which are produced along with their respective flavor charged lepton in
weak interactions. In contrast, flavor neutrinos are produced in a charged current
interaction along with the charged lepton (or its antilepton), which are generated by
the Lagrangian given in Eq.(1.4), where

J{))V,L =2Y Y UpiVie ¥ lar. (3.1)
@ K

This is a clear distinction between the mass eigenstates and the weak eigenestates
[46, 9]. However, the basis of weak eigenstates is related to the basis of mass
eigenstates through the unitary matrix U, as defined in Definition 2.2.3. This implies
that, for example, an electron neutrino, which is a state produced along with a
positron in a weak charged current interaction, is a linear conbination of the mass
eigenstates. In general, if the masses of the neutrinos v, with k = 1,2,3 are not
the same, a phase difference arises between the components of the wavefunction,
leading to neutrino oscillations.

3.2.1 General Formalism

Based on the above, neutrino oscillations are a consequence of the neutrino mixing
matrix, which in turn implies that the left-handed components of flavor neutrino
fields, vy are superpositions of the left-handed components of neutrino fields with



36 Neutrino Phenomenology

defined masses, V;:
Va) =Y Uge| W) - (3.2)
k

Let us keep in mind that the matrix U is unitary. Therefore, the following natural
conditions follow

UakUpy =8up & Ul Uaj =8j, (3.3)

Let us assume that the orthonormality conditions for the massive neutrino states are
satisfied: (Vx|v;) = &;j. On the other hand, from the condition in Eq.(3.3), it follows
that the flavor states are also orthonormal, that is, it satisfies: <va | vﬁ> = 6aﬁ. This is
clear considering the fact that

As I mentioned before, the massive states are eigenstates that satisfy
H Vi) = E|Vi) (3.5)

with eigenenergies E7 = | pl*+ mz. Invoking the Schrédinger equation, it is clear that
we obtain the time evolution, which is

V(1)) = e~ v (3.6)

It is possible to express the mass eigenstates in terms of the flavor eigenstates:
‘Vk> = ZUOCk ’V(x> .
o

Substituting this into the Eq.(3.6) and Eq.(3.2), we obtain

[Va(t)) Z

B

ZU e lEktUBk ‘Vﬁ> (3.7)

This indicates that the initial flavor state becomes a superposition of different flavor
states [47].
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The transition amplitudes from one flavor state to another are the coefficients in
Eq.(3.7), namely

A(r) = (vg Vo (1)) = ZU;kUﬁke_iE"t. (3.8)
k

Thus, the transition probability is simply the square of the amplitude, which is given
by

Pyyvs(t) = Y UpgUpiUq U e B E (3.9)
kj

Neutrinos in oscillation experiments are ultrarelativistic, so we can approximate their
energy as E; = E +m? /2E, and therefore, the energy difference in the exponential

can be replaced by
2 _ 2 2
m;—m5  Amy;
Ei—E;~ T L = 2Ej' (3.10)
So, using Eq.(3.10) with Eq.(3.9) yields
.AmI%jL
Pyy—vs =Y UspUpiUajUp e~ 25
kj
=Y [UaiP|Upi|* +2Re ¥ Uy UpUa;Ug e 254 2E, (3.11)
k k> j

where I have used the fact that in experimentation, the propagation time is not
measured, but due to the known distance between the source and the detector, L,
and the fact that they are ultrarelativistic, we can make the approximation ¢ = L.
Thus, we see that the distance L and the energy E are the quantities on which the
experiment depends [47, 46, 9]. Likewise, the oscillation amplitude depends on
the elements of the matrix U, and the phases are determined by the squared mass
differences. Therefore, neutrino oscillation allows us to determine the squared mass
differences and the elementos of the U matrix. It is worth noting that it only provides
information about the squared mass differences and not the absolute values of the
neutrino masses themselves.
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3.2.2 Okscillation Formulas for Two and Three Flavors

Let us consider the case of the mixing of two flavor neutrinos, let us say v, and
vg. In this case, the two flavor states of neutrinos are a linear combination of the
two massive neutrinos, v; and v,, with coefficients given by a 2 x 2 unitary matrix
expressed in terms of a mixing angle. This matrix is given by Eq.(2.25). Invoking
Eq.(3.9), we have

Am’L
Pyy—vg = sin®20 sin? ZLE , (3.12)
where Am? = m3 —m?. The survival probability is
.9 . 5 Am?L
Py, v, =1 —Pyy—vy = 1 —sin“ 26 sin TR (3.13)

This two-neutrino case is very useful because many experiments are not sensitive
to the influence of three neutrino mixing, and the data can be analyzed using
this two-neutrino mixing model. This defines two types of experiments: so-called
appearance experiments, which involve measuring transitions between different
neutrino flavors, and disappearance experiments, which involve measuring the
survival probability of a neutrino flavor by counting the number of interactions
in the detector and comparing it with the expected value. However, this type of
experiment is not very efficient for small values of the mixing angle.
The oscillation length is defined as
ATE

J

For the case of two flavor neutrinos, this is

B AnE
0S¢ = A2’

Therefore, the transition probability is very small if L < Losc and oscillates very
rapidly if L > Lo [9]. Finally, to observe neutrino oscillations, Am? must satisfy
Am? > E /L, meaning that the experiment is sensitive to the squared mass difference.

Practically all of physics is already addressed in the case of two-flavor neutrinos,
which includes the relationship between the weak and mass eigenstates, and oscilla-
tions arising from the phase difference between the mass eigenstates. However, it is
known that there is no upper limit on the number of massive neutrinos. Neverthe-
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less, it is well-known that the number of active flavor neutrinos is three: v,, vy, v:.
Therefore, the lower bound for massive neutrinos is three, and we are interested in
studying the case of oscillations among three flavors.

In this latter case, the mixing matrix is a complex 3 x 3 matrix (see Eq.2.26).
There are many parameterization alternatives; however, the most commonly used
one is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) parameterization, given by
Eq.(2.26) (Note that here we have the presence of 3 mixing angles and one physical
phase, the Dirac phase ). Unlike the previous case, here we are dealing with three
squared mass differences, which are

2 2 _ 2 2 2_ .2 2 2_ 2
Ale =nl, —my, Am31 =mz —my, Am32 =mz —nm,;. (315)
However, only two of these are independent because

0 = Am3, +Am3, — Am3,.

There are two possible hierarchies for neutrino masses. The first is the normal hierar-
chy: m% > m} > m?, and the second is the inverted hierarchy, in which m3 > m? > m3
is satisfied. In most experiments,

Am3,| = Am3, — Am3, ~ Am3,. This allows for
the following identification: Am2, = Am3, and Am2,,, = Am3,, or for the inverted
hierarchy, m2,,, = |Am%2 ‘ Current experiments are not capable of distinguishing be-
tween these two possibilities, meaning they lack sufficient sensitivity to differentiate

between NH and IH [46, 9].

3.2.3 Matter Effects in Neutrino Oscillations

When neutrinos propagate through matter, they are subject to a potential due to their
interaction with the medium’s fermions through coherent forward elastic scattering.
Consequently, neutrino flavor oscillations are affected by the coherent scattering of
charged current’, generating an effective potential denoted as Vcegf . This effective
potential can be interpreted as a refractive index that modifies neutrino mixing,
resulting in an effective mixing angle in the matter [48, 9].

Therefore, the Hamiltonian of a system of neutrinos propagating through matter
is given by H,, = Ho + H;;, where Hj is the Hamiltonian in vacuum, see Eq.(3.5),

31t can also be affected by incoherent scattering with particles in the medium, but in many cases,
this scattering can be extremely small and can be neglected.
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and H;,; is the Hamiltonian associated with the neutrino’s interaction with matter,
meaning that Hiy | Vo) = Vi |Va), Wwhere Vg is the effective potential.
The effective Hamiltonian of CC is

cc _ GF
eff_\/i

The average of the effective Hamiltonian with the electron background in the

VP (1=P)ve] [en(1-7)e]. (3.16)

medium is given by
Hij = V26NVl Y Vet (3.17)

where N, is the electron density of the medium. The effective potential is defined
as V.. = V2GgN,. Similarly, it is possible to obtain the effective potential for neutral
current interactions: Vyc = —v2GgN, /2. Thus, the more general effective potential
is given by Vi = Ve 8ae + Vive [9]-

Now, for the evolution equation, we have

.d
l%"’a(f» = Hp |[Va(1)), (3.18)

with [vg(0)) = |ve). The amplitude of transition is Wyp = (Vg|Va(r)) with the condi-
tion Y,(0) = 4. So, the evolution equation becomes

.d m% Am,%l .
’E‘Vaﬁ: P+E+VNC ‘lfaﬁ‘i‘; ;UﬁkTUnk'i'SﬁesneVCC Yon-

The first term above is irrelevant for the flavor transition, becouse it can be eliminated
by the phase shift. Therefore, the relevant evolution equation is

d Am?> .
n k

For the case of two neutrino mixing between, v,, v,,, the Eq.(3.19) can be written as

d [ Wee 1 [ —Am*cos 6 +2EVce Am?sin20 Vee
1— = .
dx \ vy 4E Am?sin26 Am?*c0s20 —2EV.c | \ Yo

J/

-~

Heyy
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This H, /s can be diagonalided by the orthogonal transformation: UL H, /Uy =
diag(—Am3,,Am3,) /AE, where Uy, is the effective mixing matrix in matter, given by

cosOy sinBy
Uy = ] .
—sin6y cos Oy

Therefore, the effective mixing angle in matter 6y, is given by

tan26

tan 26M = TVCC (320)
"~ AMcos26
The transition probability then becomes
2 5 ((Am3x
Py, sy, = sin”26)sin (Tg) : (3.21)

Comparing Eq.(3.12) with Eq.(3.21), we can see that they have the same structure,
with the mixing angle and the squared-mass difference replaced by their effective
values in matter. Furthermore, in Eq.(3.20), we can observe that the mixing angle in
matter is different from the mixing angle in vacuum [48, 9].

3.3 Neutrino Oscillations Experiments

In neutrino oscillation experiments, there are various types, which include Short-
Baseline experiments (SBL), Long-Baseline experiments (LBL), Very Long-Baseline
experiments, Atmospheric neutrino experiments (ATM), and finally, Solar neutrino
experiments (SOL) [9].

For Short-Baseline (SBL) experiments, there are two types. The first is reactor
SBL, which involves using a high isotropic flux of antineutrinos produced by the
beta decay of heavy nuclei. The neutrinos have energies in the MeV range, and
the distance between the source and the detector is several tens of meters, such
that L/E < 10m/MeV — Am? > 0.1eV>. Since the energy is very low, this type only
measures the survival probability. The second type is accelerator SBL, which uses
neutrino beams produced by the decay of pions, kaons, and muons created by a
proton beam hitting a target. For this type, the ratio L/E is L/E < lkm/GeV — Am* >
leV?.

In LBL experiments, the sources are the same nature as in the SBL case, with the
only difference being that the distance between the source and the detector is two or
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three orders of magnitude greater. Similarly, there are reactor-type LBL experiments
where the distance L is on the order of kilometers, and thus L/E < 10°m/MeV —
Am? > 1073¢V2. On the other hand, there are accelerator-based LBL experiments that
produce beams of neutrinos or antineutrinos from the decays of pions and kaons.
Here, we have L/E < 10°Km/GeV — Am?* > 1073eV2.

A final type of these experiments is Very Long-Baseline (VLB) experiments,
which, as the name suggests, involve even greater distances than the previous ones.
Regarding reactor VLB, we have L/E < 10°Km /MeV — Am? > 10%eV?. Meanwhile,
for accelerator VLB experiments, the ratio is on the order of L/E < 10*Km/GeV —
Am? > 104V,

Atmospheric neutrino experiments involve detecting neutrinos that originate
from the decays of pions and kaons produced by primary cosmic rays interacting
with the upper atmosphere. The detectable energy of these neutrinos ranges from 500
MeV to 100 GeV. The distances between the source and detector are typically around
20 km to 1.3 x 10*°Km. Typical values are L/E < 10*Km/GeV — Am* > 10~%eV>.
Finally, we have solar neutrino experiments, which detect neutrinos generated in the
core of the Sun due to thermonuclear reactions. Here, we have L/E < 10'%2m/MeV —
Am? > 10~ 12eV?

From these experiments, the following experimental values for the oscillation
parameters are reported [6]:

NH TH
lo 30 lo 3o
012/° 33.417075 [ 31.31 = 3574 | 33417075 | 31313574

623/° 422705 | 39.7—51.0 49.0"19 39.9 —51.2

613/° 8.587011 | 8.23—8.91 8.57 011 8.23 — 8.94

8p/° 232738 144 — 350 276155 194 — 344

Am3,/(107%eV?) | 7.41707" | 6.82—8.03 | 7.417)3 6.82 — 8.03
AM50/1073eV? | 2.50770055 | 2.427 —2.590 | —2.4867005% | —2.570 — —2.406

Table 3.1 Experimental values for the oscillation parameters. Note that for the normal hierarchy,
¢ =1, while for the inverted hierarchy ¢ = 2.



CHAPTER

A Perturbative Approach for a Dirac-Taylor
Model

4.1 The Model of Masses and Mixing

As seen in previous chapters, there is a need to diagonalize the mass matrices, which
are generally complex matrices that describe the masses and mixings of neutrinos.
Diagonalizing these matrices is done with the aim of identifying the physical masses
(the massive neutrino fields) of the neutrinos. There are various ways to achieve
this goal; however, these methods tend to be tedious and complicated to carry out.
Therefore, I will now present a construction of a general perturbative technique! for
analytically diagonalizing complex mass matrices, using the observational fact that
the reactor mixing angle 6,3 is relatively small. The construction of this technique is
based on the Takagi factorization, which, as we can see from Theorems A.1.2 and
Corollaries 1 and 2 of the Appendix A, allows for the diagonalization of a complex
matrix through unitary matrices (see Eq. (A.1)). This implies that the technique to
be presented is a perturbative generalization of Theorem 2.3.12.

To attain this, let us consider the relationship between the solar and atmospheric
scales (central values), which can be expressed as

A 2
o= | 30l —0.17192., (4.1)
Amgyy,

!By perturbative technique we mean the method applied in quantum mechanics in which a
hamiltonian of the form H = Hy + AH; is assumed
2Indeed, this very theorem is a somewhat immediate consequence of Corollary 1.
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On the other hand, for the reactor mixing, we have
tan 613 = 0.15087 ~ O(k). (4.2)
The deviation of the atmospheric mixing from its maximal value is
|tan 63 — 1| = 0.0932 ~ O(k). (4.3)

The reason for this similarity among these three quantities lies in the smallness
of k, or equivalently, in the smallness of the solar scale’. This can be understood
by assuming that if the physical masses are subject to loop corrections from an
unknown interaction with a coupling parameter of the order of k, then the mass
terms can be regarded as series of functions. In other words, they can be expanded
in a Taylor series, where k serves as the expansion parameter. In this sense, at zeroth
order of the coupling parameter, we have a spectrum of degenerate neutrino masses,
where the atmospheric mixing is maximal, and the others are zero. Consequently,
the k-order corrections must be sufficient to reproduce all the characteristics of the
mixing. In summary, the scale ratio x can be utilized to perform a Taylor expansion
of the general neutrino mass matrix. Therefore, we express the most general mass

matrix (whether Dirac or Majorana) as
My = My+ oM (x), (4.4)

where M) is the zeroth-order matrix in the expansion, M are smooth functions of «,
which are generally complex and at least of order one. In the Dirac case, My, must be
Hermitian, and in the Majorana case, it must be symmetric.

At this point, I must mention the hypotheses that, together with considerations
about numerical relations in Egs. (4.1) to (4.3), allow me to sucessfully reproduce
the mixings and mass scales observed in neutrino oscillations. It is assumed that the
charged lepton sector should be diagonalized. Additionally, if V is a maximal matrix,
it allows diagonalizing the matrix My such that the u — 7 symmetry is satisfied. The
matrix My represents a two degenerate neutrino spectrum (where other mixings
are null), so I need to fix one entry of the My matrix, in particular, the entry (Mp)1;.
Finally, the order x corrections, that is, §M(k) must be sufficient to predict all
characteristics of the mixings.

3These numerical coincidences had previously been investigated in the context of Majorana
neutrinos [5, 49].
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Let us consider the complex matrix (squared hermitian matrix*)

a n €
A=|n" B p|, (4.5)
e pry

where o, 3,7 € Rand n,¢,p € C.

Let k be a dimensionless parameter, this parameter governs the strength of the
perturbation, as I discussed earlier, see Eq.(4.1). So, to construct our perturbative
model, we assume that our matrix A parameters are actually smooth functions of .
In this way®, we have: a(k), 8(k),y(k) € R and n(k),&(x),p (k) € C.

Let us proceed to diagonalize, which will be done in blocks (For a better un-
derstanding of the algebraic development, refer to section A.2). First, let us con-
sider the 2-3 block. This block diagonalization gives rise to eigenvalues m.., where
m. > m_.Without loss of generality, considering the eigenvalue m_, we obtain the
first eigenvector, and by ensuring orthogonality, it is possible to construct the second
vector. The matrix that performs the first rotation is

L fm=p p
] wo

where N3 is the normalization constant. Invoking Corollary 1, the matrix provided
in Eq.(4.5) can be diagonalized for the 2-3 block. It is possible to compare this with
Eq.(2.24), whit o = 2 and 8 = 3. Specifically,

cos 03 sin By3¢'M
—sinBye M cosBy |

Y23(623,M23) = (

We immediately see that

tang,, :L or tan O3 = Gl (4.7)

m_—f3 my—p’

It is necessary to consider the mass hierarchy. Therefore, it is convenient to define a

parameter, o, which indicates either the normal hierarchy (NH) or inverted hierarchy

4This is formed by the product of M, with its respective conjugate transpose matrix, as shown in
Appendix A.2.

°In the development of the diagonalization method, I will use k as the expansion parameter.
However, in the application, I make the substitution k — A4
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(IH). Let 0 = 4, such that — indicates IH and + indicates NH. Thus

tang,, = mlp—’ B (4.8)

After this first rotation, R§3AR23, we obtain

o A =
RLARyz = [A* my 0 (4.9)
0 m_
where
N3 No3

Proceeding analogously to the first diagonalization by block, we will have the second
rotation that diagonalizes the 1-3 block:

1 —o o)
Riy = (“" - ) , 4.11)

where L is the eigenvalue corresponding to the 1-3 block, and N3 is the normaliza-
tion constant. It is important to note that, once again, this depends on whether we
consider NH or IH. Comparing this with Eq.(2.24), now with @ =1 and 8 =3, we
obtain:

E|

Ho — O

tan 03 = (4.12)

Performing the rotation as given in Eq.(4.11) on the first rotation given in Eq.(4.9),
we consequently obtain the second rotation that form

U- II 0
R RGARpR3 = | T ms O |, (4.13)
0 O us
where
Al — —EA*
o Alks — @) & ®— (4.14)

Ni3 Niz
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The eigenvectors are found in the same way as in the previous cases. Similarly, when
compared with Y15, we have

18y

Lkl B 4.15
A —H-o ®.15)

tan 0y, =

where A is the eigenvalue of the 1-2 block. The rotation matrix for this block is

—u I
PO , (4.16)
Ni2 —II Ay — U g

Making this last rotation again, we have

Ar 0 E
RLRLRLARBRR=| 0 A H | =d, (4.17)
E* H* o
where
E _—1® & H :M. (4.18)
Ni2 N1z

Finally, it remains to prove that the matrix d is, to a reasonable extent, diagonal. To
do this, let us notice that the parameters E and H are functions of ® and I1, which
in turn are functions of E and A, and these are functions of the entries of the square
Hermitian matrix (see equations 4.14 and 4.10). This matrix A, as seen in Appendix
A, is constructed through the product QQ'. Therefore, in reality, «,3,7,1,¢€,p are
the product of fundamental parameters of the matrix ©, which by construction
are functions of k. Consequently, this assures us that A, Z and Nj, are functions
of order & (k'), whereas IT and © are functions of order & (Kz). Therefore, the
matrix given in 4.17, is diagonalized to at least the order of & (x?), an order that
is sufficient to provide a good description of the observational data from neutrino
oscillation experiments. Furthermore, this implies that the corrections induced in the
eigenvalues are of the order & (x*), and the corrections in mixing are of the order
o (k).

As a final remark, in the quark sector, the quark mixing matrix, also known as
the CKM matrix (Cabibbo-Kobayashi-Maskawa), has a parametrization introduced
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by Wolfenstein, namely

1-22%/2 A AL (p —in)
—2 1-12/2 AM? :
AV (1—p—in) —AA? 1

where A = s12,AA% = 503,AA3(p —in) = s13e 9. This Wolfenstein parametrization is
an approximation to the standard parametrization (similar to the PMNS, but for
the quark sector). It can be interpreted that A serves as a perturbative expansion
parameter, which also provides motivation for a perturbative treatment of the PMNS
matrix.

4.2 An Application to Dirac Neutrinos

Since we are considering Dirac-type neutrinos, it is necessary to extend the gauge
symmetry group SU(3)c x SU(2)r x U(1)y by adding the gauge symmetry U(1)g_r,
see section 2.2.3. As mentioned earlier, the addition of U(1)p_, is anomaly-free. On
the other hand, this also allows us to eliminate the Majorana mass term. To see the
latter, consider that in general, the mass Lagrangian is of the form:

~ 1
~Zu= Y ﬁLacheﬁ kY YL ®Vie— EVngR : (4.19)
o,f=eu,t « B=eu,t —
~~ ~~ - Majorana mass
Lepton mass Dirac mass

where L] is a singlet under SU(3)¢, a doublet under SU(2);, with hypercharge
Y = —1, zero baryon number (B), and a lepton number (L) of 1. Thus, the B—L
quantum number is —1. Similarly, for right-handed leptons, /r is a singlet under
both SU(3)¢ and SU(2)., with hypercharge Y = —2, and B— L = —1. In the case of
®, it is a singlet under SU(3)c¢, a doublet under SU(2);, with hypercharge 1, and
B — L = 0. On the other hand, we have added right-handed neutrinos, which, as
mentioned earlier, are singlets under both SU(3)¢ and SU(2)., do not interact, have
zero hypercharge, but B— L = —1. In summary, we have the following quantum
numbers in the table 4.1. Having said that, it follows that

1
o,f=eu,t “ B=eu,t —

~~ A(B—L)=—1—1=-2
A(B—L)=1+0—1=0 A(B—L)=1+0—1=0
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Y | B|L|B-L
Lp|-1]0]1] -1
g |-2]0]1| -1
[ 1]0,0] O
VR 0 011 -1

Table 4.1 The representations L;, {g, Vg, and the Higgs doublet, along with their quantum numbers
(hypercharge, baryon number, lepton number, and the new charge B —L).

So, under U(1)p_1, the Majorana term can be omitted. Thus, to apply our technique
described in Section 4.1 to Dirac neutrinos, we will use the B — L extension of the
Standard Model.

In this case, since the Dirac mass term induces a Hermitian mass matrix, the
matrix My given by Eq.(4.4) must necessarily be Hermitian. Consequently, both
My and SM(A) are also Hermitian. First, let us calculate the zeroth-order matrix,
My, which has a spectrum of degenerate neutrino masses, with 6,3 being maximal
(623 = m/4), and 6,3 = 0. These considerations mentioned are based on Equations
(4.1) to (4.3). When we take the limit as k tends to zero, or equivalently as Am3, — 0,
this limit of k — 0 allows us to construct the zeroth-order term in Eq.(4.4), that is, M.
To construct this matrix, let us consider the biunitary transformation provided by
Theorem 2.3.1. Let M, be a diagonal matrix, namely M, = (m%, m%, m%), and let both
V and Og be unitary matrices, such that

My =V MO,
MM = VMO ORMVT = VM3V,

For this consideration, we need to diagonalize the 2 — 3 sector. Using the expres-
sion from (2.24), with o« =2 and B = 3, along with the corresponding rephasing,
013 =0 and 6,3 = ©/4, we obtain the matrix that diagonalizes to zeroth-order with
respect to A:

10 0
V=10 1/vV2 1/V2
0 —1/vV2 1/V2
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So, performing the corresponding operations, we have

mi 0 0
2 2 2 2
MM' =] 0 ™" M (4.21)
m%—m% m%-i—m%
2 2

The idea is to parametrize the square root of the square Hermitian matrix MM".
Which is nothing more than parametrizing M in such a way that (4.21) is satisfied.
There are various ways to parameterize this matrix; however, several are ruled out
considering that we want the degeneracy of m? with m3 and the Hermiticity of the
matrix. Therefore, by imposing these requirements, the ideal parameterization is as
follows

A0 O
M=My=< |0 B r|, (4.22)
0O r B

where A, B,r € R. By demanding both the inverted hierarchy (IH) and the normal
hierarchy (NH) to be met, the parameterization that fulfills all of the above is as
follows

My < (4.23)

S O
a - o
T O o

where C = or, which will indicate whether we have NH or IH depending on the
sign of sigma (o = 1 indicates NH and the opposite for IH). Additionally, to meet
the aforementioned conditions, it is necessary that A =B —or.

On the other hand, the matrix 6M(A) must be Hermitian and a function of 4 of
at least first order, meaning

al bA cA
OM(A)o< | B*A  dA  ed |, (4.24)
A A fA

where a,d, f € R, while the others are complex.
Without loss of generality, let us take B = 1 since this only indicates the loca-
tion of our degeneracy. Furthermore, for the sake of simplicity in illustrating the
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diagonalization, we can take, r =1, so that A = 1 — 0. Thus

' bA cA
My=|bA & oo |mo, (4.25)
cA oo 1

whereI'=(1-0)+gA,§ =1+hA, 0 =1+kA, and c are real. With this, we are fully
prepared to diagonalize the matrix. Furthermore, note that we naturally expect the
real overall mass scale mgy ~ \/% This is the matrix that will be diagonalized
(see Appendix B, Eq.B.3).

To conclude the problem setup, I want to clarify what all of the above represents.
The matrix M, provides the form of the mass matrix to which perturbative corrections
will be applied (recall that, for the construction of My, I started with the assumption
of having one zero squared mass difference and another non-zero, Am?, and Am?,,
respectively). After adding the matrix 6M(A), that is, the corrections, this should
generate the solar scale. Thus, the ansatz of the work is the matrix M, which, by
introducing the scale my, allows writing the equality.

4.2.1 Masses and Mixing

In order to diagonalize My, let us consider H = M, M), as given by

24 (B> + A2 TbA+bEL+cwoA Tcd +bowA +cA
H=|ToA+b"eA+coor |p*A2+E2+6%0* b*cA’+oéw+ow | mj,
TCeA+ocwb*A+cAd  chA’>+Ewc+ow cA?+ @’ +1

To simplify, the structure of this matrix is in the following form

o n &
H=MMj=|n" B p
e p* oy

According to section 4.1, the matrix H can be diagonalized by the product V'HV,
with V = Ry3(623,01)R13(613, 62)R12(012, 03), where each unitary matrix has an explicit
form given by Eq.(2.24). Furthermore, from the product of the matrices, we have
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explicitly that

A&+ P+ +A2(1-0)g)+(1-0) = mA®+ A + &,

A2(R 4 |b]* + k) + A (2h +2k) +2 = BoA% 4 BiA + Po,

A2+ I +2kA+2 = A2+ 1A+,

A2 (ckh+b*c)+ A(2k+h)6 +20 = poA? + p1A + po,
(
(

A% (bh+ ock+bg)+A(b(2—0)+ 6¢) = MAZ +MiA,
A2(cg+ obk)+ Alc(2— 0) + bl = &A% + £/ A.

o
B
Y
P
n
€

Let us calculate |p |2, as this is used consecutively, for example, in the calculation of

the eigenvalue of the 2-3 block.

2 * * * *
o> =|po+piA +p2A%]” 2 |pol* + (Popi +p1pg)A + (Ip1|* + (pops + p2pgy)) A2

=lpol* + po1A + po2A? = [po|* (1 + P+ ”%AZ> : (4.26)
pol> " Ipol

Likewise, the normalization constants N»3 and N;3 are

2 _
Nas ~V2|po| <1+”°1+ 2|’|’p|(’|”j° mx) = V2|po|(1+kA) = V2po, (4.27)
0

1
Ni3 :\/(HG — )2+ |E]* ~ /16 + 80 (1o — )14 ~ 4 [1 - Zc(uc— a)ll] . (428

This is because we have neglected terms of A2, and Z is given by

+ 2 2
mpo+ei(Elpol), _ mpotoeilpol)  m20+edo,  mie, o
V2o V2] po| v2|po V2

—
[y —
—
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The eigenvalue of the 2-3 block is then

ms =y (847 /(B + 41oF

z% [(ﬁo £ 90)+ (B + 1A+ (B )22\ (1 — B1)2A2 +4|p!2} (4.30)

A Po1 )
~2+pol+ 5 (Br+n+ 22 ) +
A2 1 poz (v —PBi)? o
+— | B2+ £ —|pol [4< + - , (4.31)
2 4 ool 4|po|? lpol*

where we have used the expansion for both |p > and Vax? + bx+c. Furthermore,
neglecting terms of order 12, we have

1 A
my— B~ [()’o—ﬁ’o)ﬂﬂ!POH/l (7’1 — B i&ﬂ = *£|po| + = (Yl — B i&) :
2 Po 2 |pol

(4.32)

Then, the value of tan 6,3 is determined by Eq.(4.8). Utilizing Eq.(4.26) and Eq.(4.32),
we obtain

ol /1+ 2251
ool

+|po| + 2 <Y1 - B i%)

71 — B h
=+1F z:i(1+—l).
2|po| |po|

tan O3 ~

Eliminating the phase, thus

h
tan63 ~ 1 + E)L (4.33)

Let us now calculate the eigenvalues of the 1-3 block

1

by = |+ mo + 0/ (- ma2 a2

~
~

[(a+me)o+ (A +me)iA+(a+ms)A?, (4.34)

| =

where the sign g has been defined. To obtain the tangent of the mixing angle 63, it
is sufficient to expand the eigenvalues to order 1! and consequently the difference
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tg — o. Doing this, we get

In + &
V2[2+|pol]

tan 03 =
Using the expressions for 1, p, and ¢, it immediately follows that

|b+¢|
2V/2

Invoking the normalization constant Vi3 and the expression for IT given in Eq.(4.14),

tan 013 = A. (4.35)

we have.
1
I~ (I—ZG(,LLG—OC)MV) [([.LG—OC)lAlk+(LLG—(X)lA112+(,Llc—OC)0A212}

A= A

[40AIA +40M0A% + (Uo — A)1AIA? — (o — @) 1A1A?] = 0(A1A + A0A?),

where A, is the coeficient of A’ in the expansion. Likewise, defining IT; = cA; with
i = 1,2, we obtain

n—é&
I, = 4.36
=7 (4.36)
Y *
I, =37 20((2— &) —k(m —&1)) + (ms — B)1m — &1py].- (4.37)
On the other hand, the difference of eigenvalues A, with A_ is Am? , that is
A2, = mg\/(m,g — U_g)* + 4TI o m3A2. (4.38)

The latter is because, at zeroth order, we have a degeneracy with m? and m3, so it
is necessary to have a sufficient order of perturbation to separate these squared
masses and thus create a gap between them. In other words, we need Am3, « m3A2.
Therefore, defining ¥ =m_s — _s and D = |I1|, we have that both y and D must be
of order €(A?). The tangent of the angle 6, and Am?, is therefore

1
X+ V4422

Am?,; = mdy/ w2 +4D2, (4.40)

tan 0, = (4.39)
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where x = y/D. It is necessary to consider two cases: first, the NH (Normal Hierar-
chy), and second, the IH (Inverted Hierarchy).
For NH, we have 1 — & =0, which implies IT; = 0. For IT,, we have:

1 1
D=Il| = —=|)2(b— —k)+bg—hc|| = —=|(b—c)(3g—2(k+c))|. (441
M| = =126 —e)(g k) +bg —hel| = = |b—)(3g -2k +e)l.  (441)
Similarly, for y in the case of normal hierarchy, we have
1 2_4.2] 22
y/:Z[(Zk—h) _4g ]QL . (4.42)

Now let us consider the case of inverted hierarchy (IH). Here, we have n; — & =
2b—2c # 0. So we have

_ 2. 2
M= = lb—clA+ 0%,

However, as I mentioned, the quantities involved in equation 5.38 must be of order
A2, so we must impose an additional condition, namely:

b=c—cA V¢ e C. (4.43)
This results in
1
D = |[1| = —|2¢ + hb|A>. 4.44
1| \/Zl G+ hb| (4.44)
Likewise, we also have
v=(2h+2k—4g)A + 0 (A?).

So, similarly, it is necessary to introduce a new condition to ensure that this parameter
is of the required order for the perturbation. Let ¢ € R such that

h+2(k—g) =0A. (4.45)
Then, y becomes

v = 219+h(h—4k)—k2—|b+c|2] A2, (4.46)
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Finally, we need to obtain Am2,,,, which, according to our diagonalization process, is

given by

NH: m3 —m? — (m3,m3,m3) = (A_, Ay, Uy )

IH: m5 —m3 — (m3,m3,m3) = (A_, A, u_)

2
Amg,,

Making the corresponding approximations for both cases and taking into account the
added conditions for the inverted hierarchy case, we obtain that for both the normal
hierarchy (NH) and the inverted hierarchy (IH), the mass difference Am%1 ( ]Am%3 }) is

Am?

atm

~ [4+ (4k+2h) A m}. (4.47)

From Eq.(4.33), the parameter /4 is completely determined by data from atmospheric
mixing observations. Therefore, the model has 5 free parameters, of which ¢, %,
and mg are common to both hierarchies. For the normal hierarchy, the remaining
parameters are b and g, while for the inverted hierarchy, the free parameters are ¢, 9.

4.2.2 CP Violation

The Jarlskog invariant can be used to quantify the amount of CP violation in any
neutrino mass model. As I mentioned in section 2.3.2, the invariant is given by

1
J= 3 sin26;,sin 26,3 5in26;3 cos 013 sin &;. (4.48)

On the other hand, by invoking Eq.(2.35) and making an identification: Am? , = Am3,
and Am2,,, = Am3, (|Am3,]), (H)21 =n*, (H)32 = p*,(H)13 = €, we have

mg
J=— ; sIm[n*pe].
Amg,, (AmATM)

For hypothesis A? = Am? , /Am2,,,, so

2
Amiyry

3
J:( g ) Im[n*p*e] A2 (4.49)

Let x =Im[n*p*e] /A2, which can be expanded in the form x = ky + K4 + A2+
O (A3). We have two cases: NH and IH, which I will discuss below. Before going
into detail for the hierarchies, I should mention that from Eqs.(4.48) and (4.49) and



4.2 An Application to Dirac Neutrinos 57

from the settings of the mixing angles, it follows that

2 3
sindcp = 8 70 K
$in26)2 sin 26,3 sin26;3cos O13 \ Am’,,,

2 3
~0.463 (4 0 ) (ko +K1A). (4.50)
Marm

Normal Hierarchy

For this case, it is easy to see that kp = 0, but k; is different. By performing the
corresponding algebra, we can observe that

ki =2|b|[(1 = h+k)c — g]sin @ (4.51)

Therefore, from Eqs.(4.50) and (4.51) we have

2 3
sin ocp ~ 0.463 (4 n;O ) (2|6 [(1 —h+k)c—g]singp) A. (4.52)
Amiiry

Inverted Hierarchy

In this case, the expressions for kjp and k;, both of which are non-zero, can be easily
determined. Their corresponding expressions are

Ko :16C|b| sin ¢b7 (453)
K1 =2|b|[3(g+ hc) +2c(g — k)] sin @p. (4.54)
Using Eq.(4.50), the following expression arises for the CO phase,
2

3
sin §¢cp ~ 0.463 (4 n;O ) 2|b|[8c+ (3(g+hc) +2c(g —k)) A] sin @. (4.55)
Amigryg

As we can see from the expressions in (4.52) and (4.55), the CP phase is controlled by
a single phase, ¢;,. This was expected because, due to the rephasing of the M, matrix,
the only remaining physical phase is that of b (see Eq.B.3).
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4.2.3 Numerical Verification

To conclude, it is necessary to validate the diagonalization process (described in
Section 4.1 and applied in this Section 4.2) through a numerical procedure to explore
the behavior of the model’s parameters such that they reproduce the observed
mixings and oscillation scales within the current level of precision. To achieve
this, we numerically solve the diagonalization (i.e., solve an eigensystem) of the
Hermitian square matrix H = Msz, where M, is given by Eq.(4.25) and random
values are assigned to the parameters of this matrix. Subsequently, by calculating the
expressions for the squared mass differences and the CP phase, we retain only those
parameters that are within one and three standard deviations of the reported mixings
and CP phase values. On the other hand, from Eq.(4.25), the factor mg plays the role
of a global scaling factor. Therefore, an appropriate choice for a discriminative factor
is to use the scale relation given in Eq.(4.1), thus reducing the number of parameters
for the analysis by one unit.

A numerical analysis was carried out for the normal hierarchy (NH) case. To
do this, the model parameters, namely, &, c,k, b, g, were randomly varied within a
range that reasonably maintains the perturbation hypothesis. From Figure 4.1, we
notice a correlation between the quantities » and ¢, which is in complete agreement
with Eq.(4.35). Similarly, in the other parameters illustrated in the same figure, an
apparent correlation is observed, which again aligns with our analytical expressions
(4.41) and (4.42). The red points represent parameters that satisfy the conditions to
reproduce the observables obtained from neutrino oscillations at 1 sigma, while the
blue points satisfy them at 3 sigma (this convention is maintained for the subsequent
figures). As we can see from this, there is no strong distinction between the 1 sigma
and 3 sigma regions.

For the case of the inverted hierarchy; it is necessary to explicitly consider the
tuning conditions: b = c—¢A and h+2(k—g) = ©A to focus the parameter search.
Similarly, random values were assigned to these tuning conditions within the inter-
vals: ¥ € [-2.5,2] and g € [1.6,2.3]. For ¢, the values ranged from 0 to 27z, while for
h and k, they were between [—3,3], and for b, it was within [—1, 1]. This resulted in
the parameter space shown in Figure 4.2. From this figure, it is possible to notice that,
unlike the normal hierarchy, not all parameters exhibit a pronounced correlation.
This is evident, for example, in the parameters 4 — b in Figure 4.2. On the other hand,
we can see that there is a shift to the left between the values for 1o and 306 in the
parameter g, overlapping in the region ¢; = [2,2.2] C ¢. This shift is due to the lack
of control over this parameter, as it was introduced "artificially" to provide the mass
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Fig. 4.1 The allowed parameter space for the normal hierarchy shows b and k as functions of h, and
b also as a function of ¢. The blue points indicate the points that satisfy the required constraints on
the angles, CP phase and Am?2,,/Am2,, at 3. The same applies to the red points, representing the
points at 1o.
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Fig. 4.2 The allowed parameter space for the Inverted Hierarchy is observed. We are looking at the
subspace of ¥ — ¢ —|b| — h.
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gap. In the figures of Appendix C, I illustrate the region obtained from the physical
parameters based on the values obtained for both hierarchy cases.

To use the CP phase as a filter for obtaining these parameters, it was necessary to
take into account the existence of a rephasing symmetry (Appendix B.2, Eq.B.14). In
Figure 4.3, the CP phase is illustrated as a function of the parameter k for the normal

hierarchy.
C_5cp C_5Cp
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s e f 3mi2 -
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Fig. 4.3 Allowed values for the CP phase in the case of the normal hierarchy. In red, we have the
values at 1o, while the blue points are at 3o.
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In Figure 4.4, similarly, the CP phase is shown as a function of the parameter
c for the inverted hierarchy. From it, we observe that the concentration of points
for both 10 and 30 is in the interval ¢ € [-0.74,—0.5] U [0.5,0.74] = Q.. However,
from these concentrations, we can see that in the case of the normal hierarchy, all
our points fall within the accepted range for the CP phase, whereas in the case
of the inverted hierarchy, at 10, the concentration of points is below the accepted
CP range. This means, for any € > 0, then Vc € Q., we have E(c;,€) ﬂFr(Scl;’ ) =
ONE(ci,€)N 5611? =0, where E(x,r) denotes the disk centered at x with radius r y Fr
denotes the boundary of the accepted CP interval. On the other hand, for the case of
30, we have E(c;,€) N Fr(63p") #0NE(ci,e)N 5(:31? =0, that is to say, the points at 30
are well below the accepted interval. All of this leads to the indication that through
the process of diagonalization, the mass matrix parametrized under the assumption
of Dirac neutrinos is not sensitive to the inverted hierarchy. In other words, the
inverted hierarchy is marginally, and the 1o points would be acceptable if the phase
talls within 3o.

c=06¢p c=b6qp

2m 2m
3m/2 A 3m/2
A i
AN L
&3 & -
3 ™ [ m
T2 o T2 o

0 T T T T T 0 T T T T T T T
075 -050 -0.25 000 0.25 0.50 075 -050 -025 000 025 050 075
c c

Fig. 4.4 Allowed values for the CP phase in the case of the inverted hierarchy. In red, we have the
values at 10, while the blue points are at 36






CHAPTER

Conclusions and Perspectives

In this work, a diagonalization process focused on a perturbative technique has
been studied due to the smallness of the angle 6;3. We employ this technique with
a model that constructs a neutrino mass matrix of the form My + dM(A), where A
arises from the ratio of neutrino scales. As an application of the method, we consider
Dirac-type neutrinos.

Observation of oscillations suggest that the tangent of the angle 6,3 is of the
order of A, similar to the deviation from the maximum value of tan 6,3, where
A ~/AM?, /AM?,,,. This apparent relationship can be understood by considering
the series expansion on A of the mass matrix which could suggest a perturbative
approach for the origin of neutrino mass terms. Indeed, the diagonalization method
presented in this thesis allows us to express all observables as functions of A, success-
fully reproducing the parameter’s dependence on the respective observable. It was
found that both the tangent of the angle 6,3 and 6,3 have the same structure for both
hierarchies (NH and IH), as well as for the difference of masses AmZ,,. However,
in the case of the angle 6y, and the squared mass difference Am? , it was naturally
obtained that for the normal hierarchy, the parameters ¥ and D are of order A2 as
described in the previous text. While for the inverted hierarchy, these parameters are
not naturally of the same order, so to satisfactorily reproduce the mass gap between
m? and m3, it is necessary to introduce new parameters that allow us to model this
quadratic dependence artificially, thus raising some level of fine-tuning for such a
hierarchy.

Similarly, a numerical analysis was carried out to verify the analytical method.
From this analysis, it was found that despite the normal hierarchy being very natural
and there being an apparent correlation between the parameters, there is still an
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additional degeneracy that is not very evident. This is illustrated by the points in the
parameter space shown in Figure 4.1, where a tiny variation in the parameters can
move us from the 30 regime to the 16 regime and vice versa. On the other hand, in
the case of the inverted hierarchy, it was found that not all parameters are correlated
(see Figure 4.2). However, it is also observed that similar to the normal hierarchy
case, there is still an additional degeneracy (in addition to the parameters ¢ and ¢
introduced to reproduce the mass gap. Some of these observations coincide with
the case of Majorana-type neutrinos, as discussed in [5]), as slight variations in the
parameters can transition us from the 16 regime to the 36 regime and vice versa.

From observing the CP acceptance bands, it is evident that, in the case of the
inverted hierarchy, the procedure illustrated here is not sensitive to it. This is evident
from Figure 4.4, where no points are within the acceptance interval at 16, and only
a concentration near the boundary of the CP angle band is observed at 3¢. On the
other hand, the acceptance of these red points is possible if the phase is allowed to
fall within the 3-sigma range. This restriction arises from the requirements related
to the other parameters. In other words, the Inverted Hierarchy (IH) could still
marginally conform to the observations. Thus, we conclude that by leveraging the
smallness of the angle 63, it is possible to work with a perturbative method to
diagonalize the mass matrix using a parameter A, which satisfactorily reproduces
the experimental observations of oscillations for the Dirac case. However, the model
proposed here is only sensitive to the normal hierarchy, thus suggesting that the
proposed correlation among observables may not work for the inverted hierarchy
case.

There is still work to do. As a first point, we should consider the parameter ¢ not
being fixed at one, just like the parameter B as described in the previous text. This
would allow us to play with the value where we fix the squared neutrino mass scale,
thus providing an additional constraint that could improve the distribution of all
parameters. As a second point, we might expect that if we extend the expansion to
order A2 instead of A, we could explore the possibility of improving the predictions
of all mixing characteristics and, in doing so, delve into searching for a new fine-
tuning that would eliminate the degeneracy between 10 and 30 in the parameters.
Finally, from the observation of the structure of the mass matrix My, the following
questions arise, which we must then provide an answer to. Is this peculiar structure
of the matrix a result of some symmetry? And if so, what is this symmetry?.
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APPENDIX

Matrix Manipulation

In this appendix, the mathematical tools necessary for a complete understanding of
the development of this thesis are provided. Section A.1 presents the definitions and
conventions required, followed by section A.2 which illustrates the general process
of diagonalizing 3 x 3 matrices of masses.

A.1 Basic Concepts

A matrix A over a field K is defined as an ordered table of scalars g;; in the form

ar ajip -+ aip

azy 4z -+ dyp
A=

adml Am2 °  Amn

More formally, a matrix is an array of size m x n of scalars over the field K. The set of
all m x n matrices over K is denoted as .# [K,m x n]. In general, the field K is often
taken to be C, that is, the field of complex numbers. Here, we have a;; € C. The main
diagonal of A consists of the elements ay,a2,- - - ,app, where p = min{m,n}.

The transpose of a matrix A = [a;j] € # [R,m x n], denoted by AT, is given by
AT =[aj;]. The conjugate transpose of a matrix A = [a;;] € .# [C,m x n], denoted by
AT, is defined as AT = (A*)T, where A* is the conjugate of each element of the matrix.

There exists a wide range of matrix classes defined based on transpose or con-
jugate transpose operations. However, the three most important matrix classes
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are Hermitian matrices, symmetric matrices, and orthogonal matrices, which are
defined as follows

Definition A.1.1 Let A € .# [K]. A matrix is said to be symmetric if AT = A, and antisym-
metric if AT = —A.

Definition A.1.2 Let A € .#[C). A matrix is said to be Hermitian if AT = A.
Definition A.1.3 Let A € .#[K]. A matrix is said to be orthogonal if AAT = I.

here I have omitted the dimension of the matrices A. The most relevant case in this
thesis is the case of Hermitian matrices, so only this type of matrices is considered.
On the other hand, an important aspect of matrices is the eigenvectors and eigenval-
ues, as they allow for the diagonalization of a matrix.

Definition A.1.4 Let A € End(K) be a linear transformation and v be a non-zero vector
such that

Av=Av
with A € C. Then we say that v is an eigenvector and A an eigenvalue of A.

The abbreviation "End" has been used for endomorphism: End(K). It is important to
note that a matrix can be the representation of a linear transformation in a respective
basis. With these eigenvalues, we have the following theorem.

Theorem A.1.1 A square matrix A of dimension n is similar to a diagonal matrix D if and

only if A has n linearly independent eigenvectors. In such case, the elements of D are the

eigenvalues, and D = P~'AP, where P is the matrix whose columns are the eigenvectors.
In the particular case where P is an orthogonal matrix, then we have D = PTAP.

Furthermore, let us consider the following theorems about diagonalization of matri-
ces, which aid in the diagonalization of the mass matrix [50, 51]:

Theorem A.1.2 (Autonne’s uniqueness theorem). Let A € . [C,n X m| = M, y be given
with rank A = r. Let s1,...,54 be the distinct positive singular values of A, in any or-
der, with respective multiplicities ny,...,ng, and let X; = s%ln] SREE GBngln , € My Let
s O

o) € My m, 50 that LT =

A = VEW?* be a singular value decomposition with ¥ =
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3y, @+ @52y, ®O0p_p and TET = 521, O D 521y, ® Oy Let V € M, and W € M, be
unitary. Then A = VEW* if and only if there are unitary matrices Uy € My, ,...,Uy € My,
Vet ,andW e M,_, such that

V=V(U & - adU;aV) &W=WU & - dU;&W)

if A is real and the factors V,W,V W are real orthogonal, then the matrices Uy, --Uyg, V and
W may be taken to be real orthogonal.

As consequences of this uniqueness theorem, the following corollaries are obtained:

Corollary 1 ( Autonne-Takagi factorization). Let A € .#,. If A is symmetric, there is
a unitary U € M, such that A= UXUT, in which ¥ is a nonnegative diagonal matrix whose
diagonal entries are the singular values of A , in any desired order.

Corollary 2 (Uniqueness). Suppose that A is symmetric and rank A =r. Let s1,...,s, be
the distinct positive singular values of A, in any given order, with respective multiplicites
ni,...,ng. Let ¥ =s1l, @ ®s4ly, ©0,—,; the zero block is missing if A is nonsingular.
Let UV € ., be unitary. Then A=UXUT =VIVT ifand only if V =UZ,Z=Q,®--- @
Qu®BZ,Z € My, is unitary, and each Q; € M, ; is real orthogonal. If the singular values of
A are distinct, that is, ifd > n—1, then V = UD, in which D = diag (d,, ... ,d,), d; = £1 for
eachi=1,...,n—1,d, = £1if A is nonsingular, and d, € C with |d,| = 1 if A is singular.
These theorems and corollaries imply that if Q is a symmetric matrix and if U is a
unitary matrix, such that

D=UTQU (A1)
where D is a diagonal matrix. Then
p?=p'-p=(UTav) (UTQU) = (U'QTW")') (UTQU) =U'RTeU  (A2)
since UTU =1. The factor H = Q' Q is a squared Hermitian matrix, and U is the matrix
that diagonalized H, where D? = diag(h3,...,h2) with hy being the eigenvalues of H.
A.2 Diagonalization of the Neutrino Mass Matrix

A direct consequence of Theorem A.1.2 and Corollary 1 indicates that by using a
unitary matrix, which can be written as the product of other unitary matrices!, it is

!For all n, the set of all n x n unitary matrices forms a group under matrix multiplication.



72 Matrix Manipulation

possible to diagonalize a complex matrix. This is of great utility because, as we will
see next, it is possible to diagonalize a squared mass matrix through sub-blocks of
said matrix. Now, considering the expression A.2, we see that it is possible to obtain
a squared Hermitian matrix from a symmetric matrix. This is also fulfilled when
our matrix Q is Hermitian from the outset. Therefore, without loss of generality, let
us consider Q as a complex 3 x 3 matrix (Hermitian or symmetric). I will illustrate
the general diagonalization process for a mass matrix. For the above reasons, it is
not important whether we are dealing with Dirac neutrinos or Majorana neutrinos
(Hermitian or symmetric mass matrix, respectively). The following method is
applicable to both cases. Let us consider the following squared hermitian matrix

a n &
A=QQ "= n* B p|,
e pry

where o, 8,7y € Rand 1,¢,p € C. The diagonalization will be carried out by blocks.
Let us consider the 2 — 3 block, that is

The eigenvalues corresponding to this block are

ms = 1B/ (r— B+ 4ioF . (A3)

We observe that the smallest value of these two eigenvalues is m_, thatis, m_ < m..
As the eigenvalues of Hermitian matrix are real, and therefore the discriminant will
be positive. Hence, the statement above is fulfilled.

The eigenvectors corresponding to this value are

()
P Y—m4 b%)

Considering the eigenvalue m_, we will have the following system of equations

(B—m_)x; + px; =0,
px1+ (y—m_)x, =0,
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from the first equation we obtain the first eigenvector

i
V_N23 m_—BJ’

where N3 is the normalization constant given by N3 = \/ Ip|? + (m_ — B)2. To con-

struct the eigenvector associated with m_, we can proceed as follows. The eigenvec-
tor associated with m_ must be orthogonal to the first one. Let w be that vector, it
must satisfy

va:O—>(p* m,—ﬁ) <;};> =0,

this leads to the following expression

py1+(m-—B)y=0

1 (m_—B
SW=— .
Ny \ —p*
Therefore, our matrix that performs the first rotation is
I [(m_—
R23 = — *B P .
N3 —p m_— P

If we compare this matrix with the rotation matrix

—sinBrze M3 cos B3

cos 0 sin By3¢!M23
Y(623,M23) = ( 23 >3 ) -

We immediately see that
tan 63 = L (A.4)
m_—p
Using a smilar procedure, we obtain
tan 63 = L’ (A5)

my—p
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Now, it is necessary to consider the mass hierarchy. Let us observe that when we are
diagonalizing, what we are obtaining in the entry (3,3) of the squared mass matrix,
A, is the squared mass m% On the other hand, for the inverted hierarchy, m% is the
smallest mass, so it corresponds to m_. However, if we are in the normal hierarchy;,
m3 is the largest mass, so it corresponds to m.. This implies that if we want to work
in the normal hierarchy, we must use the expression A.5, otherwise we should work
with A.4. Let us define o = =, this way we can synthesize the expressions depending
on the value of c:

tan 63 = - ‘P’ ﬁ (A.6)
o —

The matrix R,3 and the normalization constant remain

RB:L(””G‘ﬁ P) & Nu=\/IpP+(mo—B)2.

Ny \ —p* ms—f

By performing the first rotation, we obtain

a A E
R;,,ARB = | A* my 0 5 (A7)
0 m_
where
A _Nlme—B)—ep” = _Np+&(ms—PB)
N3 ’ No3

Let us proceed to diagonalize the 1 —3 block now:

o
A3 = = )

1
— 2 4.42
,Lti—z {(x%—m_i\/(a m_) + |_4| ]

(=]

The eigenvalues are
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Proceeding analogously to the first diagonalization, we will have
= m_—H_ X2

(Ot — u_)xl + Exy =0,

thus

E*xy 4 (m— — p_)xy =0.

Again, taking the first expression, we obtain the first eigenvector

1 )
V= — :
Ni3 (,LL_—OC>

To obtain the eigenvector associated with p1,, we impose orthogonality between the
two eigenvectors, so we will have

1 (p-—«
w=— . .
Niz \ —E

In this way, the next rotation that diagonalizes the 1 — 3 block is

1 _—o X
R13:]v—<'u —x >
13 - H-—

Once again, taking into account the normal or inverted hierarchy, we reintroduce
the previously defined parameter o in order to obtain

1 —o E
Riy = (“" | ) . (A8)

—X Us— O

with

™

1/2
N3 = (4o — @) + 2P & tan 63 =

=
)
|

R
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Performing the obtained rotation A.8 on A.7, we get

py I 0
RLRLARyR;; = [T my @ |,
0 O u_
where
I :M & 0= —EA ]
Ni3 Ni3

(A.9)

Finally, let us diagonalize the last block. However, we must consider that in expres-

sions A.7 and A.9, we are explicitly considering the inverted hierarchy. To consider

the normal hierarchy, we must change the sign from + to —, meaning that the order

in the diagonal changes. This implies that the eigenvalues of this last block will be

functions of u_,m_ or p,m, for the normal or inverted hierarchy, respectively. To

synthesize this into a single case, let us consider the following matrix

pH-o II 0
R R ARpR;3 = | TP m s ©
0 0" Us

Thus, the last block is

whose eigenvalues are

1
Ar = 5 [.Uo +m_¢=+ \/(I»Lo - mfc)z +4’H’2} :

The eigenvectors are found in the same way as in the previous cases. The rotation

matrix for this block is

1 (A -l I
Rip = — . ;
Np \ -II' A —po
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1/2
where N, = ((l+ — )+ ]H]2> . Therefore, the tangent of the angle 6, is

18y

tan@lz = ﬁ
+ — M-o






APPENDIX

About the rephasing of complex matrices

As we well know, in general, the complex matrices in question have both physical
and non-physical phases. Therefore, we are interested in determining which of all
the phases contained in the mass matrix or the PMNS matrix are physical. To achieve
this, it is necessary to rephase the matrices in such a way that we can eliminate as
many phases as possible from the corresponding matrices. Let us start with the mass
matrix, denoted as My, discussed in Chapter 4.2 and finalizing with the rephasing of
the PMNS matrix.

B.1 In Relation to the Mass Matrix Rephasing

In Chapter 4.2, we encounter the following mass matrix

r ble 2 |c|eeA
My < | |ble= A & ocw
cle™%A  ocw* 1

Let us eliminate the phase of w

10 0 r bl A |clef @)L\ (1 0
My<|0 1 0 |ble= 2, & o|o| 01 0 |. (B
0 0 e/ \|c|le @9} o|o 1 0 0
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Let us define 6, as ¢. — ¢,. Similarly, we can eliminate the phase of b

% 0 0 r D)4 |c|ef®=%IAN [e7® 0 0
My<| 0 1 0 16| g olo| 0 1 0
0 0 e ) \|c|le %%} o|w| 1 0 0 e

Let us define ¢, as 6, — ¢p,. In this form, the final matrix is

% 0 0 r |bIA |cle® A\ [e ™ 0 O
Mye<| O 1 O |b|A & o|o| 0O 1 0 |. (B.2)
0 0 e/ \|cle?®A oo 1 0 0 o

In this way, we have been able to absorb two phases from the original matrix, leaving
only the phase of ¢, and thus, b and ® become real. Similarly, it is possible to keep b
complex and c real. To achieve this, let us reconsider Eq.(B.1) with 6. = ¢. — ¢:

10 0 r blei® A |cle® A\ (1 0 0
Mye<|0 1 0 ble=2 & o|o| 01 0
00 e/ \|cle?®A oo 1 0 0 ¢%
1 0 0 L |ble?” |c|A 1 0 0

=10 ¢ % 0 ble= & olo|| [0 &% 0 |. (B.3)
0 0 ¢© A olo| 1 0 0 ¢°

where © = 6. + ¢, and ¢, = ¢, — 6.. As we can see from Eq. (B.2) and Eq. (B.3), it is
possible to eliminate two of the three phases that are originally present. This can
be done by either keeping c real and making b complex, or by keeping ¢ complex
while making b real. In this work, we chose, without loss of generality, the latter
case, meaning we kept b € C and c € R.

B.2 Of the PMNS Matrix and its Rephasing

In the procces of diagonalization , we have using the following descomposition of
an unitary matriz (see 4.17)

R = Ry3R3R2, (B.4)
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where using the notation cos §;; = ¢;; and sin 6;; = 5;;, we have

5
_ cij - sije
Uij:Uij (9,']',5,']') = s . (BS)
—sjje Y Cij
Performing the product as dictated by Eq.(B.4), we have
C12€13 c13512€™ size'V
U= | —si3s23c12¢" @Y —co3s10e™  —s12513503¢/ O Y0 feppeny czsaze®® |

—s13c23c12¢ Y + 5235126700 —sa51303¢ V) — 03010670 epzers

which can be rewritten as the product of two diagonal matrices and a phased matrix,

namely:
c12€13 13512 size'V
_ ot (60— (60— (0
U=F'| —si3503¢12¢/@¥+9) —crasp) —s512513523¢" OV Leppens  cpasase@F) | Ay
—s13c3c12¢” Y + 50351267 0F9) spa51303¢ V) — 530107 (0F0) €23C13
where F; = diag(1,¢,1). Simarly, making the same:
c12€13 c13512 513/ (¥ —0-9)
_pt (60— (60—
U=F | —s13503¢12¢"@7¥F9) —coas1p —s12513523€ O ¥H9) tcppens 13523 F.
—sp3en3cipe V070) Ly —sisizene V00 shaey €23C13
where P, = diag(1,e'?,¢/919)). Let § = 6 + ¢ — y. Finally, the following
—id
c12¢13 13512 si3e
_ ot i 1
U=F, | —si3s03c12¢"® —cp3812 —512813523¢"© +c1ac03  c13503 | B (B.6)

5 i
—s13023¢12€"° + 523512 —S128513¢23€'° —$23C12  €23C13

This last equation reveals that we can identify the PMNS matrix through rephasing.
However, it is not possible extract unambiguously the angle of CP this expresion
Eq.(B.6). This is because when we want to extract the phase from a unitary matrix
unambiguously, it is not sufficient to take just one element from the input since
any rephasing on the eigenvectors (a column of the unitary matrix) will still be an
eigenvector. In the case of the PMNS matrix, this would be equivalent to extracting
the phase of entry 13. This is why the problem of ambiguity arises in determining
the CP phase, considering only the PMNS parametrization. To prove this statement,
consider the following: Let Q = diag(e'®,e'°,e~"°) and P = diag(e '®,e~'? ¢'°) be
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two matrices that tranform as U — V = QUppnsP:

U Uz Upze(@+0)
V= e—i(cH-a))U21 e—i(6+w)U22 Uss
efi(6+a))U31 efi(0+a))U32 U33

This means that this transformation causes a redefinition of the phases of the element
Ues and the block Uy;, Uz for i, j = 1,2. Note that, in general, for all the elements in
the u — 7 block, the phase change is the same when we compare this new expression
with the PMNS matrix in Eq.(B.6), the phase change in U,3 conserves the complex
nature of the u — 7; 1-2 block. For this reason, the Dirac phase cannot be determined
by considering a single element of the matrix, as it is not invariant under the trans-
formation, but it has to be determined by invariant structures. To do this, let us
consider the unitary conditions

Y ViV =0, Y IVal* =1.
: k
And let us consideri =2, j =3, so
Va1Vs) + VoV, + Va3Vis =0 & Var|? + Vool + Va3 > = 1. (B.7)

Using the elements of the latest transformed matrix,V, we obtain the following

expressions
* 2 2 s 2 5, 2 2
V21 V31 = — §12823¢23 + S12513C12¢53€ 0 — $12823813C12€"° + €12€23513523, (B.8)
* 2 2 s 2 5,22
VaV3) = — €12023823 — C12¢23812813€ © 4 C12513512553€"C + 51251323523, (B.9)
* 2
V23V33 =C13523C23. (B.lO)

From these expressions, it can be observed that we eliminate the extra phase resulting
from the transformation, ¢/(°*®), which gives us the possibility to obtain the phase &
without any ambiguity. Using the first condition in Eq.(B.7), the term containing the
CP phase is nullified, making this first condition not very useful. From the second
condition in Eq.(B.7), we notice that due to the requirement of squared norm, the
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phases are annihilated. Finally, if we subtract Eq.(B.8) from Eq.(B.9), we have:

2 i& 2 —i8
Vo1 V31 — Vo V3h = — 2s12853813¢12€"° 4 25108513¢12¢53€
2 2 2 2 2 2
—8712523C23 + €12C€23523 + C128713€23523 — $125713€23523
2 1) 2 —id 2 2 2 2 2
= —2S12S23S136‘12€l +2S12S13C12€23€ o4 23823 (C12 — SIZ) + C23S23S13(C12 — S12)

2 —id 2 i 2
=2s12513¢12(c53e "0 —553€'%) + ¢23523 08202 (1 + 573).
Thus, by reorganizing we get

Var V3 — VooV — c23523 082010 (1 4 535) 2. i
=23

2 s
— 553€'°. (B.11)
2s512513€12 23

Expanding the right side of the expression

i0 0

caye 0 —53:el% =c35(cos § —isin§) — 535 (cos § +isin §)

=(c33 — 533)c0s & — i(c33 + 533)sin &,
and substituting in Eq.(B.11), we then have

; . Vo Vi — Vaa Vi — 2350308 2012(1 + 57
(¢33 —533) €08 8 — i(c33 +533)sin & = 31 32 ( 13)'
2512513C12

Taking the imaginary part of above expression yields

* * 2
sind = —Im <V21V31 — V22 V35 — 23852308 2015 (1 +s13))
2s12513¢12
Im (V5 V5| — Vo V5
- ( 21V3) — V22 32)' B12)
2512€12513

Let us note the following

Via| V11| = c1as12¢%3

. Va2l
C.C12812 = —
13
and so
Via|[Vii Via| Vi1 Viol Vi

13 C13513 513
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Finally, from Eq.(B.12), we have

Im (V5 VS, — Vo V3 i
sind = — m (V21 V3) — Va2 V3) (sm913)7

2|Via||Vi1] tan? 013
:_Im(V21V3*1—V22V3*2)( Vi3] ) (B.13)
2tan? 03 \Vi2||V11]

However, we can express all of this in terms of the elements of the PMNS matrix
without the need for the mixing angle 6;3. For this, let us observe that

- 2 2
sinfi3 _ cfy (5 +c3y)  cisstyteisedy | [Vaslt+ |V
tan? 03 s13 Vi3] Vi3] Vi3]

Finally, the expression that allows an unambiguous calculation of the CP phase from
a given unitary mixing matrix is given by

Im (V3,V3) — VaaV3))

sind = —
2\Vi3||Via||[Vi1|

<|Vz3|2+ |V33!2> - (B.14)



APPENDIX

About the observables in the parametrization

In this appendix, I will present, for both normal and inverted hierarchy cases, the
graphs of the physical observables generated from the parameters of the M, matrix
obtained through the numerical diagonalization process illustrated in Section 4.2.3.

C.1 Normal Hierarchy
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Fig. C.1 Mass scales as a function of the angles 6;, and 6,3.
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Fig. C.2 Physical observables obtained from the parameters acquired in the diagonalization process.

C.2 Inverted Hierarchy
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Fig. C.3 Mass scales as a function of the angles 6;, and 63.
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Fig. C.4 Physical observables obtained from the parameters acquired in the diagonalization process.
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