"Never theorize before you have data. Invariably, you end up twist-

ing facts to suit theories instead of theories to suit facts"

Sherlock Holmes in "A Scandal In Bohemia"

Introduction

In this introductory chapter we first aim at presenting a literature survey of the
present updates on neutrino oscillation parameters, what we have with how much
accuracy. Then we briefly discuss the Standard Model of particle physics and
its inadequacy in realizing some observed phenomena. Here we also discuss the
neutrino oscillation phenomena and the class of seesaw scenarios in short with
the motivation of going beyond the Standard Model for explaining light neutrino
mass via the inclusion of heavy right handed heavy neutrinos. The seesaw models
considered for this task correspond to high energy scale and some other, relatively
low energy scale. We keep a section for detailed discussion on matter-antimatter
asymmetry of the universe. We also have dedicated one section for dark matter
history. Finally we end up with a section discussing the non-Abelian discrete
flavour symmetries like S; and A4 which have extensively been used in model

building purpose in this thesis.

Study of Neutrinos and its associate observables continue to intrigue. An Aus-
trian physicist Wolfgang Pauli [1-4] in 1930, proposed the existence of a neutral
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particle called neutrino (as a mathematical trick) in order to preserve energy-
momentum conservation in nuclear 5 decay. This proposal of Pauli opened up a
new avenue in the particle physics ball park. Thus to start with, neutrinos are
electrically neutral fermions. Their mass was long thought to be zero, although
neutrino oscillation experiments have confirmed the tiny mass that they possess.
However Pauli had also supposed that nobody would ever be able to detect this
new particle due to the fact that they interact feebly with matter. Then in
the year 1956, Clyde Cowan and Fred Reins [5] had gone through an observa-
tion of anti-neutrinos emitted by a nuclear reactor at Savannah River at South
Carolina, USA. Tt was later found that the observed neutrino was an electron
neutrino which is a partner of an electron. The SM is unable to accommodate
neutrino mass as there is no right handed counter part of neutrino in the SM.
And this fact calls for some BSM frameworks, by the inclusion of right handed
(RH) Majorana neutrinos to the SM fermion sector. Neutrinos being electrically
neutral are allowed to possess Majorana masses. For, a Majorana neutrino mass
can not arise from the neutrino analogue of the SM coupling that gives quarks
and charged lepton their masses. That analogue would be a Yukawa coupling of
the form Hgyvrvy, where Hgyy is the SM Higgs field. Rather, Majorana masses
must come from couplings such as Hgy Hgpyv$ vy, or Hyy—1v5 vy, the first of which
implies non-renormalizability and therefore outside the scope of the SM but the
second involves a Higgs Boson with weak isospin Iy, = 1, which the SM does not
accommodate. In this way within the SM, neutrinos remain mass less. Although
this theoretical prediction was consistent with the experiments till 1960 due to
lack of evidence of neutrino mass but this fact had gained much interest due to
the fact that results from solar neutrino experiment and atmospheric neutrinos

indicated towards a massive neutrino.

1.1 Present status of neutrino parameters

In the year 1968, an American physicist Raymond Davids Jr. while detecting
solar neutrinos [6, 7| for the first time from a deep underground experiment,
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observed that the number of electron neutrino measured was one third of the
actual number that was expected to come from Sun, the phenomenon later on
named as Solar neutrino problem. In the same way, was found a discrepancy
[8, 9] while measuring muon neutrino flux coming from earth atmosphere and
this is familiar as atmospheric neutrino problem. In this context Mikheyev,
Smirnov along with Wolfenstein told that only electron neutrinos are emitted
by the Sun and they could be converting into muon and tau neutrino which
were not being detected on earth. Such a scenario of inter-conversion from one
kind to another is termed as neutrino oscillation [10]. Theoretical justification of
neutrino oscillation beautifully fix the puzzle created from solar and atmospheric
neutrino fluxes. Then in the year 1998, Super Kamiokande [11, 12| experiment,
piloted by Takaaki Kajita from Japan, evinced that there was a deficit in the
number of muon neutrinos reaching from earth when cosmic rays strike with
earth’s atmosphere. This experiment was able to detect only half of the muon
neutrinos actually expected. Then in the year 2001/2002, Arthur B. McDonald
in Canada guided the Sudbury Neutrino observatory (SNO) collaboration, and
did a detailed measurement of the fluxes of both the neutrinos along with total
flux of all the three types of neutrinos. Interestingly, the result found in SNO
collaboration was consistent with the theoretically predicted result for electron
neutrinos coming from the Sun. This experiment confirmed the conversion of
electron neutrino to the other two kinds i.e., muon and tau neutrino. This
phenomenon of oscillation from one particular kind of neutrino to the other two
is termed as neutrino flavor oscillation, where the term flavor is used to mean
the three kinds of neutrinos namely electron (v.), muon (v,) and tau neutrino
(v;). For the above extensive and nontrivial study led by Takaaki Kajita and
Arthur B. McDonald, they shared the 2015 Nobel Prize in Physics. Later on
many experiments such as KamLAND [13, 14| nuclear reactor in Japan, K2K
[15] long base line experiments also in Japan, Fermilab-MINOS [16] in U.S. put

concrete evidence of the phenomenon called neutrino oscillation.

After the discovery of neutrino oscillation there is no doubt that neutrino possess
masses, however, tiny. That time the particle physics community did not remain
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silent only with this discovery and started to think about the other properties
associated with this oscillation phenomenon. Some of them are what are their
mixing angles, what is their absolute mass scale, then which flavored neutrino is
the heaviest (and which is the lightest). Therefore the above mentioned queries
are also extensively exercised both theoretically from some neutrino mass mod-
els and practically in some neutrino oscillation experiments. T2K [17]|, Double
Chooz [18], Daya-bay [19] and RENO [20] are some of the experiments which
provided us with information about the neutrino mass squared splittings and
mixing angles with a very strong precision. These experiments gave bounds on
the mass squared splittings of order Am?2, ~ 107%eV? and Am?,, = 1073eV2.
Such a small mass splitting not only hints towards the tiny magnitude of neu-
trino mass but also shows a 10'? order of mass difference between the neutrino
and top quark mass. These experiments only could measure two mass squared
splittings rather than the individual masses possessed by three flavor of them.
Moreover, the leptonic mixing angles also are under huge discussion. There are
three mixing angles in the neutrino sector: solar (612), atmospheric (f23) and
reactor (613). Earlier it was believed that the value of reactor mixing angle is
zero. But later on some dedicated neutrino oscillation experiments confirmed
that the reactor mixing angle is non-zero although tiny as compared to the other
two. In support of these neutrino data, there have been found several mixing
schemes namely bimaximal (BM), Tri-bimaximal (TBM), hexagonal (HM) and
Golden ratio mixing (GRM). Among them TBM has gained more popularity as,
the mixing angles predicted by this mixing pattern is very much consistent with
the angles observed in experiments. In TBM scenario we find sin?6,, = 0.33,
sin?0s3 = 0.5 with sin?6;3 = 0. However TBM has also lost the favor as the
latest data ruled out a zero value for the reactor angle. In order to address a
non-vanishing reactor angle, thus one needs to break the above mentioned mixing
patterns, since all of them accommodate a zero value for reactor angle. Now if
we look at the Pontecorvo Maki Nakagawa Sakata (PMNS) mixing matrix we
find that a CP violating phase delta is associated with the reactor angle in the

third column of it. The value of which is still unknown and hence is kept in the



"To find" list.

As already said that within the SM we do not have neutrino mass and at the
same time the existence of neutrino mass is also a truth, thus one needs to go
beyond the SM to validate the above two facts. And this task is carried out
by an extension of the SM particle content by the inclusion of the missing RH
neutrinos. Seesaw mechanisms are such methods to implement the consequences
of adding two or more right handed heavy neutrinos to the SM fermion sector
and generating the neutrino mass via some higher dimension terms. Below we

discuss a brief overview on the SM and its drawbacks.

1.2 Standard model

It was in the year 1960, G. Glashow, S. Weinberg and P. Salam proposed the
Standard Model [21-23| which is a quantum field theory particularly a sponta-
neously broken Yang-Mills theory, that takes all the three fundamental forces
(strong, weak and electromagnetic) into account except the gravity. The SM

gauge group is given by
GSM C SU(3)C X SU(?)L X U(l)y (1.2.1)

The symmetry group SU(3)c is the group of "color" that comes from quan-
tum chromodynamics, having eight generators, particle representatives of which
are gluons, the carrier of the strong force. The weak isospin group is named
as SU(2), which has three generators. The SM gauge group has four gauge
bosons, three of which, namely W* and Z° are mediators of weak interaction
and the particle representatives of SU(2) group generators as, SU(2) has three
generators. Likewise U(1)y is the group of hypercharge, the generator of the
group corresponding to the massless boson: photon, which is the mediator of
electro-magnetic interaction. The SM provides a concrete platform to describe
the particles and their interactions that constitute the model itself. Now, on
the basis of some physical properties of the particles, they are categorized as
scalars, fermions and gauge bosons. Among them left handed fermions of the
SM transform as SU(2) doublets. The SM fermions are categorized into three
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generations. The scalar boson Higgs is also a doublet under SU(2) and singlet
of SU(3) symmetry group. The entire particle content and their charges under

each symmetry groups are listed in Table 1.1. In addition the newly discovered

I | L | Y | Q
12 [ -1 |0

-1/2 ] -1 -1

Lepton Doublet (Z’E)L 1/2

Lepton Singlet €R 0 0 -2 -1
1/2 | 1/3 | 2/3

Quark doublet (%), | 1/2

-1/21 1/3 | -1/3
Ur 0 [4/3 |2/3
Quark Singlets 0
dg 0 |-2/3|-1/3
1/2 1 1
Higgs Doublets (‘é’;) %
-1/2 ] 1 0

Table 1.1: Charges of the SM particles and the Higgs boson under isospin(I),
third component of isospin(/3), Hypercharge(Y) and electric charge(Q)

LL(1727_%) QL(3727%) ER(1>17_1) UR(3717§> DR(?’;L_%)
(%), (4)2 cr ur dr
(Z;QL)L (§>L HR CR SR
(7). (), TR tn br

Table 1.2: Charge assignments of SM particle contents [24]

Higgs field gets the charges under SM gauge group as,

H= @Z) N (1,2,%) (1.2.2)

The vacuum expectation value of the Higgs field breaks the gauge symmetry,

v

(H) = ( 0 ) — Gaw = SUB)e x U(L)om (1.2.3)
V2

Therefore, the SM has only three active neutrinos with their charge conjugate

partners. Charged lepton mass eigenstates are denoted as e, 4 and 7 with their

SU(2), partners v,,v, and v, respectively. The active neutrinos undergo weak
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charged current (CC) interaction in the following manner

_ 9 oo IS
— Loo = 7 Zl: vyl W+ H.C. (1.2.4)
Moreover the three active neutrinos undergo neutral current (NC) interactions,

g
2cosby,

- ﬁNC’ = Z DLZ’V;LVLIZS + H.C. (125)
!

where 0y is termed as Weinberg or weak mixing angle. All the interaction by

SM neutrinos are described by the above two equations. The SM also follows an

accidental global symmetry

GEP — (1) g x U(1)y, x U(1)y, x U(1)y, (1.2.6)

“w

where U(1)p is the baryon number and U(1)r, , , are the symmetries of the

57)
three lepton flavor with total lepton number L = ). L; where i represents three
flavors of lepton: e, p and 7. The Lepton Number (LN) is said to be an
accidental symmetry as it is not an imposed symmetry rather generated as a
result of the gauge symmetry. The fermions and gauge bosons get their masses
from Higgs mechanism via the spontaneous symmetry breaking, that we discuss
in the following section. But only the neutrinos remain massless. Fermions in the
SM gets masses from the Yukawa interactions of a left handed doublet with its

right handed counter part and SM Higgs field. The complete Yukawa Lagrangian
of the SM is given by

— Lyutawa = Y1QriHDp; + Y'Q1iHUgj + Y, Ly HEgj + H.C. (1.2.7)

with H = iooH*, the isospin conjugate of the Higgs doublet with o as the Pauli’s
spin matrix and also one of the generators of the weak isospin group SU(2).
The SM enlightened on the existence of three massive gauge bosons, later on the
existence of which got verified in LEP experiment at CERN, Geneva. In addition
it also predicts nine massless gauge bosons and existence of massive fermions.
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1.3 Spontaneous symmetry breaking and Higgs

mechanism

Spontaneous Symmetry breaking is a scenario where, the symmetry of the La-
grangian is not the symmetry of the vacuum state or the minimum energy state.
If the vacuum state takes a nonzero value v of any field H (< H >= v), then any
physical field can be written as HP"W® = H — v. Where we call v as the vacuum
expectation value (VEV) of the field ¢. For a scalar particle the Lagrangian is

written as,

1 1 1
L=T-V = 5(a,ﬂ)2 - (§,RH2 + 5AH‘*), (1.3.1)

with positive definite A\, provided that, the Lagrangian remains the same under
the interchange of H by —H. Depending on the sign of the x? term, the minimum

of the potential implies the following conditions:

<H*>=0,u>>0 (1.3.2)
2

<H?>=1"= —% > 0,p4% <0 (1.3.3)

Now the extremum H = 0 does not interpret the minimum energy state which we
are looking for. Whereas H = 4+v with v = \/TQ/)\ represents the spontaneous
breaking of the symmetry as the ground state of the system corresponds to a
nonvanishing value of H. When the vacuum takes a value < H >= v, this is

called the vacuum expectation value of H.

Higgs mechanism is the mass generation mechanism of all fermions and gauge
bosons within the SM except neutrinos. Higgs is a complex scalar transforming
as an SU(2) doublet which has a hypercharge quantum number 1. H° is the
neutral component of the scalar field which acquires a VEV and break the EW
symmetry SU(2), x U(1)y to U(1).,, at that scale making fermions and gauge
bosons massive [25]. But, the gluon and photon remain massless as the SU(3)¢

and U (1), symmetry are protected.



The relevant part of the Lagrangian particular in purpose of Higgs mechanism is
give by
Lhiggs = (DMH)T(DMH) - V(H) (1.3.4)

being D, as the covariant derivative has the following form,

D, = (9, - %gWgT] g (1.3.5)

2
In the above expression for the covariant derivative we define 77 as the Pauli spin
matrices, Yy is the hypercharge of the SM Higgs, g is the coupling constant for
SU(2), group and ¢ for U(1)y gauge group. The scalar potential of the Higgs
field has the following form

V(H)=p*H'H + \(H'H)? (1.3.6)

Minimization of this potential gives the solution for H, and is obtained as

— 2
< H>= (0 where, v = 4/ -, (1.3.7)
V2 \w A

The masses of the vector gauge bosons obtained from the Lagrangian (1.3.4) are
written by,
1
L=MyWIW, +-M;Z,2" (1.3.8)

2
145 2
W”\J;%W“ Ly = cosGWWj’—sinGWBW. Masses of the

vector boson thus can be written as; My = % and My =

where, W = if L W™ =
W Experiments
gave a bound on mass of W boson equal to 80 GeV and Z boson of 90 GeV.
However, the photon field remains massless as the U(1)y, is preserved in the

end. One can express the photon field in terms of the Wj and B, field as
A, = cos@WWi’ + sinbw B,,. (1.3.9)

The process of spontaneous symmetry breaking along with the Higgs mechanism
together make this job of generating the masses of fermions (except neutrinos)
and bosons easy in the SM. The fermion masses generated after the EWSB are

given by

Yilj Yy Yd (1.3.10)
My = —20, My = —=v, Mg = —=. 3.
V2 V2o TR
where, Y. Y%, Y4 are the Yukawa couplings of charged leptons, up-type quark

127450 g

and down-type quark respectively, v is the SM Higgs VEV.
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1.4 Drawbacks of the standard model

Notwithstanding, there are some conclusive experimental evidences, such as neu-
trino masses, dark matter and the matter-antimatter asymmetry, along with
theoretical issues, like the hierarchy problem, the strong-CP problem or the fla-
vor puzzle, which are not addressed or explained within the SM, thereby inviting
us to a journey towards new physics beyond the SM (BSM). It is in general
believed that there exists new physics (NP) beyond the SM at a higher energy
scale above the electroweak symmetry breaking scale (Agw ~ 100GeV). Even
the SM can not address physics at Planck scale (10' GeV). Now within these
two scales there lies some new physics and origin of whom are interrelated. It
has become essential to list some relevant problems of the SM from experiment

and observation point of view.

e Experimental evidences (the dedicated neutrino oscillation experiments and
also the issue of solar and atmospheric neutrino problems) of massive neu-
trinos contradicts the facts that is apprised by the SM about the neutrino

mass.

e Then some observational confirmations of NP consists of the Cosmic Mi-
crowave Background Radiation (CMBR) and the standard Big Bang Nu-
cleosynthesis (BBN) scenario which push us to think seriously about the
biggest mystery of the Universe— the matter-antimatter asymmetry. Now,
in order to generate such asymmetry, adequate amount of CP violation is
required which the SM interaction schemes are unable to produce. This
again leads us to find a new source of CP violation which can account for
the observed amount of baryon asymmetry set by CMBR and BBN data.
The detail of this issue we address in Section 1.7.12.

e Another significant drawbacks of the SM is that, it does not enlighten us
on the existence of dark matter, whose abundance is nearly the 26% of the
total density of the Universe. The detail of dark matter observation we
keep in Section 1.7.2.
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e The unification of four gauge couplings of the strong, weak, electromagnetic
and gravitational interactions is one of the chief concern in particle physics.
The SM places only the electromagnetic and weak couplings in a single
frame and unify them keeping gravity completely aside. Unification of
electroweak and gravitational force is a difficult job to pursue within the
SM, as the SM does not provide any quantum description of gravity. Strong
and electroweak force unification too is not accommodated within the SM.
String theory can unify all the four fundamental forces, but for that again

one needs to go beyond the SM.

Moreover, there are some other limitations also. Naturalness is one of the most
serious ones: which says there are small parameters in the SM and it demands

supernatural fine-tuning to explain them.

e Loop corrections to the Higgs mass are commonly quadratic in the mass
of the heaviest particle present in the loop, which is also a property of the
hierarchy problem. It is thought that the heavy particle which plays a role
in making the neutrino mass, can also couple to the Higgs boson, which
can result in making an impermissible contribution to the Higgs mass. And
for this reason there is always a concern for the upper limit on the mass
of the heavy particle responsible for the generation of neutrino mass. To
be precise, the Higgs mass is unstable against quantum corrections [26, 27
and is not protected by any symmetry. If we impose a one loop correction
to Higgs mass, it is proportional to A%, where Ay is the cutoff scale
where NP is awaited. Difficulty arises if A becomes of the order of Planck
Mass (Mp)), then value of the quantum correction turns out to exceed
the required value of the Higgs Boson mass. Adjusting the Higgs mass to
be around 100 GeV, one needs a tremendous fine-tuning. Supersymmetry
(SUSY) can solve this fine-tuning problem, stabilizing the ratio Agw/Mp;
[28-31].

e The Yukawa couplings are quite small as compared to the top Yukawa
coupling and thus hierarchical. The same fact holds good for masses of the
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fermions as well. For example, the electron mass is 0.5 MeV whereas the
top quark mass is nearly 175 GeV which shows a 10° order of magnitude

difference. There is no explanation of such vast hierarchy within the SM.

Keeping the above mentioned agendas in mind we look for a theory beyond the
Standard Model which possibly will be able to shade light on these phenomena.
Since the SM does not accommodate neutrino mass, a chief job will be to build a
model which can easily make the neutrino mass non-zero however tiny. For that
Stephen Weinberg introduced dimension 5 operator through the implementation
of seesaw mechanisms. To implement seesaw mechanism one needs to incorporate

the missing RH neutrinos to the SM fermion sector.

1.5 Neutrino mass beyond the SM

Although the SM does not offer the explanation for neutrino mass, but neutrino
oscillation phenomena established the fact that neutrinos have tiny but nonzero
mass. Now this fact needs a theoretical justification too. The justification for the
solar and atmospheric neutrino anomaly reveals that neutrinos from one flavor
oscillate to another flavor after traveling through a considerably large distance;
the phenomenon known as neutrino flavor oscillation which is the observational
evidence of neutrinos being massive. On the other hand, KamLAND and some
recent experiments involving solar, atmospheric, reactor and accelerator neutri-

nos have confirmed the neutrino oscillation (please see [32] for a review).

Now, when a neutrino is produced, it is in a specific flavor state, which is ex-
pressed as a superposition of the mass eigenstates. Had the neutrinos been
massless or degenerate in mass, all the mass eigenstates would have the same
time evolution and, thereafter, the initial flavor state would remain unchanged.
Here, in this section we briefly summarize the mathematical expressions showing
the oscillation probability and mixing of flavor and mass eigenstates. The flavor
and mass eigenstate have different bases. We denote the flavor state as v, for
a = e, i, 7 and mass state as v; for © = 1,2,3. The flavor and mass eigenstate
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are related with each other by a unitary matrix of order three, popularly known
as the PMNS mixing matrix. The name arises after Pontecorvo, who proposed
neutrino oscillations, and from Maki-Nakagawa-Sakata, who introduced the mix-
ing matrix. This is analogous to the CKM mixing matrix in the quark sector.
The order three implies the number of three generations of neutrinos. One can
write the following equation showing the relation between the neutrino mass and

flavor eigenstate.
3
va) = Z Usilvi) (1.5.1)
i=1

The PMNS mixing matrix is parameterized in terms of three mixing angles and
six phases, which are popularly known as CP-phases. Since all the phases are
not physical and hence three of them gets removed by phase redefinition and rest
three remains. Now the Dirac nature of neutrino leads to the removal of more
two phases, thus we are left with only one physical phase d popular as Dirac
CP-phase. In the same context if we consider a Majorana type neutrino then we
have two more phases o and 8. All the above mentioned parameters are called

neutrino mixing parameter which altogether construct the unitary matrix as the

following
C12C13 S12C13 s13e” %
Upmns = —S12C23 — 012823513€i5 C12C23 — 312323513€i5 523C13 UMaj
S12523 — 012623813€i5 —C12523 — 512023513€i5 C23C13

(1.5.2)
where c;; = cos 0, s;; = sinf;;. The diagonal matrix Uyp; = diag(1, '@, !(¢+9))
contains the Majorana CP phases o, (. The oscillation probability for a neutrino

going from a flavor a to [ is given by

Am?2.L
— _ T75075 17 dain? [ — Y
P(va — v3) =6as 4i%j:Re[Ug,UmUﬁjUaj]sm< - ) (1.5.3)
Am?. L
_ I75 07507 dain? [ —— Y —
2i§>j (U303, U U sin® ( —2—) (1.5.4)

Under the interchange of U — U¥, the first two terms in the Lagrangian remain
same, which reveals the conservation of CP, whereas the last term alters the sign
implying the difference between neutrino and antineutrino oscillation probability,
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which we can express analytically as,

Am?. L
m”) (1.5.5)

P(vy, — v3) — P(vy — vg) = 4ZIm[U5iU2iU§jUaj]sin2(

i>7

where, U = Uppns in short, E ~ |p| is the neutrino energy, L is the distance

2

between the source and the detector, and Am7; = m7 —m3 is the mass squared
difference. Where, the condition o = § makes the RHS of the equation vanish,
resulting into a zero CP asymmetry. Thus we need at least two generations or
flavors of light neutrinos to have an estimation of CP asymmetry. For having a
nonzero probability for flavor oscillation the mass squared difference is needed to

be non-zero, which fact thereafter proves the existence of neutrino mass.

Various neutrino mixing parameters are under observation and study, e.g., Kam-
LAND experiment has evinced a considerably large solar mixing angle and con-
firmed the solar neutrino oscillation. Very recently the value of reactor angle
has been found to be tiny but non-zero as declared by Double CHOOZ [33-35],
Daya Bay [19] and RENO [20]. Now there are series of questions after proven
the existence of neutrino mass and nonzero reactor angle, which are worrying
the neutrino physics community to a grater extent. Some of them are, (i) which
hierarchy of mass pattern, does the neutrino mass follow? (ii) what is the abso-
lute neutrino mass scale?, as we only have two mass squared splitting (solar and
atmosphere) and the sum over absolute masses (iii) why there is a deviation of
the atmospheric mixing angle from the maximal value and in which octane does
it belong? Very recently some dedicated experiment groups planned to study all
the above mentioned issues: Daya Bay, T2K, RENO, NOvA and Double Chooz
are such examples. The information on sum over absolute neutrino masses come
from cosmological observation: WMAP analysis set an upper bound on > m;
and is found to be Y m; < 0.17 eV. The figure 1.1 evinces the possible hierarchy
pattern, which the neutrino mass may follow. There are two possible, as such,
namely inverted and normal. Even if we are sure about the neutrino mass, how-
ever it is still under observation and analysis, asking, what mass hierarchy the
neutrino mass exactly does follow. Well, till date we do not have any answer for
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normal hierarchy inverted hierarchy

" — (11,)" (M, )" e— —
(Amg}ml
(m]]g_- —
| v
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| v
I —— (m:)‘2
Am)_,
— (ml)2 (m_‘):l ——

Figure 1.1: Possible hierarchy pattern of neutrino mass, we call them normal
(left) and inverted (right) hierarchies [36]. The colors represent the flavor com-
position of each of the physical neutrinos: red for v., green for v, and blue for

Vr

that although there have been several theoretical models which rule out the either
mass ordering. The oscillation formula evince that the probability depends on
the mass squared splitting, with no information on the absolute neutrino mass.
The oscillation experiments always gave a positive value for the solar mass split-
ting which clearly implies my > mq, however they do not say about the sign
of the atmospheric mass splitting Am32,. Thus we can have two possible mass

orderings [37-39] depending on the sign of AmZ,.
e Normal mass hierarchy, which follow ms3 > my > my and
e Inverted mass hierarchy, which follow my > m; > mg

The list of queries does not end here! It is a long standing mystery asking whether
neutrinos are Dirac or Majorana particle? Well for both the cases, the mass term

can be generated via gauge invariant Yukawa like interaction followed by

Lpirac = Vrmyvr, + H.C. (156)

£Majorana = VLsz/VL + H.C. (157)
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In essence, these two mass terms are different from each other in the point that
for a Dirac type neutrino mass there is no violation of lepton number unlike the
case for a Majorana neutrino mass term, which violates lepton number by two
units. For both the scenario one has to look for a BSM scenario where there is
an introduction of a gauge singlet RH neutrino. The RH neutrinos transform
under the SM gauge group following a charge assignment like (1,1,0) under the
respective symmetry groups. The Dirac mass term arises from a Yukawa coupling
of the SM Higgs with the left handed neutral lepton of the lepton doublet in

presence of the RH neutrino whose Yukawa Lagrangian reads
— Lya = Y,NgHL + H.C. (1.5.8)

with H = iooH*, ¢ being the SM Higgs field. After the EWSB, the neutral
component of the Higgs acquires VEV of around 174 GeV and neutrino gets a

Dirac mass as Ngm, L, where m,, = Y, v.

As the neutrinos are only electrically neutral fermions in the SM, they could be
Majorana particles, which by definition could be their own antiparticles. This
would be in contrast to the rest of the SM Dirac fermions, for which their antipar-
ticle is a different state. This hypothetical Majorana character of the neutrinos,
although very common in theoretical models (as we will see later), does not have
any impact on neutrino oscillations and, therefore, new observables to distin-
guish between Majorana and Dirac fermions need to be considered. The fact
that a lepton can be its own antiparticle is directly related to the total lepton
number (LN) violation, since a Majorana mass terms breaks LN symmetry by
two units. Consequently, LN violating processes are usually considered as the
smoking gun signatures for Majorana neutrinos, like neutrinoless double beta
decay. Unfortunately, no experimental evidence has been found yet for any LN
violating processes. Thus, knowing, if neutrinos are Majorana or Dirac fermions
still an unprecedented job. Majorana mass comes from the seesaw mechanism
where we introduce the RH heavy gauge singlet fermion. Seesaw models generate
neutrino mass via the dimension-5 Weinberg operator, which we discuss in the
following section. After the EWSB the Higgs doublet takes VEV and generates
16



the following Majorana mass term

B Y, v?
C4A,

(1.5.9)

my

For a coupling strength Y, of the order 1, in order to get a sub-eV light neutrino
mass scale, Ay has to fall around 10 — 10'6 GeV where lepton number violation

takes place.

1.6 Seesaw mechanism

Seesaw mechanisms play a non-trivial role in making the neutrinos massive. In
essence this mechanism accounts for lepton number violation via the implemen-
tation of non-renormalizable dimension-5 Weinberg operator. Seesaw mechanism
necessitates the extension of the SM by the incorporation of some extra fermions
or scalars. Depending on the class of particle we add to the SM, different seesaws
are named such as: type I seesaw, where right handed heavy neutrinos Ny (gauge
singlets) are introduced; type II seesaw requires the inclusion of a scalar SU(2)
triplet A; and type III seesaw, which demands the introduction of fermion triplet
(under SU(2)) field ¥. There is another kind of seesaw mechanism, termed as
Inverse seesaw mechanism, which is a low scale seesaw scenario, we explain that
in the end of this section.

Neutrino, being a member of the SU(2) doublet representation, only one possible
Weinberg operator is there to contribute to the Lagrangian, the expression for

which one may write as

1 Cij

OLis = 5+ (LS H*)(H'L;), (1.6.1)

with ¢;; as the dimensionless complex coefficient and 4, j = 1,2, 3. This operator

yields a Majorana mass term for the neutrinos after the EWSB as,

2

S5 00+ H.CL). (1.6.2)

5£d:5 — oA i

The higher the scale A, the smaller is the neutrino mass which naturally seems a
seesaw scenario. And thus it is called so. The structure of the Weinberg operator

decides the property of the new particles of a particular seesaw model. From the
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Figure 1.2: Schematic representation of type I, type II and type 111 seesaw mech-

anism

requirement of gauge invariance the new particle can be an SU(2) singlet or
triplet as it is supposed to couple to two SU(2) doublets. despite this fact, the
new particle can be either scalar or fermion depending on which we have a class
of three chief seesaw models, pictorial representation of which we show in figure
1.2. In the next subsections all the above mentioned seesaw scenarios are shortly

introduced.

1.6.1 Type I seesaw

As already discussed that the implementation of type I seesaw needs the inclusion
of RH neutrinos [40—43|, this new field offers a possible Yukawa coupling between
the SM neutrino and the Higgs field in addition having a Majorana mass for the
new field itself. The relevant Lagrangian responsible for type I seesaw is given
by

— Lryper = Y, NgHIL + %MRNRNQ +H.C. (1.6.3)

where, the second term in the above equation violates lepton number by two
units. Y, is a complex 3 X 3 non-symmetric mass matrix and Mg is a symmetric
matrix with order 3. The above Lagrangian can be written in terms of the column
vector of the left handed field as

0 mh v,

mp MR NR

1

Fomer = 5 (7 V) (1.6.4)

from the above neutrino mass Lagrangian, we can display the Majorana neutrino

mass matrix as

0 mE
MVTypeI _ MD (1.6.5)
mp R
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which is typically a 6 x 6 matrix for three RH neutrinos added to the SM par-
ticle spectrum. It is better to have one RH neutrino per generation. Block
diagonalizing this matrix, results into following two eigenvalues,

2 2y2
mp vy

_ - __ v ~ M 1.6.6
Mp M , TN R ( )

m, &
Mp is that mass scale for the RH neutrino, where Lepton number violation
took place whereas m, is the mass scale for the SM neutrino. Thus one can
conclude that SM neutrino mass is a ratio of the smaller Dirac mass scale with
the large Majorana mass scale. Now, m, can be written as m, ~ m%MglmD =

U;,MNSmgiagU;MNS. We call this mechanism as the Type I seesaw mechanism.

1.6.2 Type II seesaw

Addition of the scalar triplet Higgs to the SM, allows us to generate the neutrino

mass (for detail you may see references [44-46]) via the following Lagrangian,
1o 1
Lrypenn = —§YgJL$ALj — pH" oy ATH — §M§Tr(ATA) +H.C.  (1.6.7)

where the scalar triplet is denoted by A, in terms of three complex scalars

A, AT A™* and having the following form

A= ATIV2 AT (1.6.8)
A —AT/V2

The first term of Eq. (1.6.7) represents the Yukawa interaction between the
scalar triplet with the SM lepton doublet, with a coupling YA with A = igyA*,
o9 is Pauli spin matrix. Under the SM gauge group the scalar triplet transforms
as (1,3,+1). Ma is the mass of the Higgs triplet with p as its coupling with two
Higgs doublets. When the neutral component of the Higgs doublet generates a
nonzero VEV it induces a tadpole term for the scalar triplet via the second term
of Eq. (1.6.7) giving an induced VEV to the scalar triplet A, and thus neutrino

mass is generated.
Yauvs v?

W,UA NMM_K
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1.6.3 Type I1I seesaw

Type I1I seesaw is realized via the inclusion of a fermion triplet [47, 48], denoted
by ¥, to the SM particle content. The fermion triplet field couples to the LH

neutrinos and the SM Higgs doublet by the following Lagrangian,
L 1 .. _
Lrypern = —Ysy LiHY — §M§]TT(EZCEj) + H.C. (1.6.10)

Here Y, is a 3 x 3 dimensionless Yukawa coupling matrix. The third panel of the
figure 1.2 represents the type I1I seesaw model. The SU(2), triplet fermion has
a definition in terms of three components (11,172, 73) with the following SU(2),

representation.

Y = SEACHEE . (1.6.11)

D WYV)
Where, the neutral component of the triplet fermion plays the role similar to
that played by the RH neutrino in case of type I seesaw. In this seesaw model
the neutrino mass is generated similarly as the type I seesaw, by the following

formula
—m, = mpMsm},. (1.6.12)

with mp = %’ Interestingly, here also Lepton number is violated as the si-

multaneous appearance of Yy and My does not assign any Lepton charges to

2.

In this Thesis, we are also interested in the phenomenology involving a TeV scale
right-handed neutrinos which is natural in inverse seesaw (ISS) models. Of special
importance is the fact that these TeV scale RH neutrinos have better sensitivity
of being accessed in the future colliders. The canonical type I seesaw also can
accommodate TeV scale RH neutrino but with a very small Yukawa coupling of
the order of 1075, But the inverse seesaw mechanism naturally accommodates
a low scale RH neutrino with a larger value of Yukawa coupling, which is the
driving cause of taking the ISS for explaining light neutrino mass. A bit detailed
study of ISS is provided in the following subsection.
20



Figure 1.3: Schematic representation of inverse seesaw mechanism

1.6.4 Inverse seesaw

As mentioned earlier the ISS model offers the neutrino mass at the sub-eV scale
at the cost of proposing a TeV scale RH neutrino [49-51]. To realize this scenario
one needs to consider another RH fermion singlet (S) in addition to that (Ng),
already taken for type I seesaw. This scenario is realized by making use of some
extra symmetries, e.g., via the global lepton number symmetry. Essentially, the
new fermion singlet is assigned a lepton number L = —1 which is opposite to that
for N (L = 1). Now if the LN is conserved then the light neutrino mass matrix
that this model yields has two degenerate eigenvalues, one Dirac neutrino and
one massless neutrino. Since the LN symmetry is responsible for the generation
of massless neutrinos we need to include a LN breaking parameter in order to
generate non-zero neutrino masses. For small breaking, the neutrino masses will
be small, which establish a relation between the smallness of neutrino masses
with the scale where LN symmetry is broken. The figure 1.3 represents the 1SS
mechanism. For a three generations picture where three pairs of fermion singlets

VR, S are added to the SM, the ISS Lagrangian in this case is given by

o 1
L=-Y L;Hvg, — Mves; — §IURVRZVRJ — —MJSCS + H.C. (1.6.13)

where, Y, is the 3 x 3 neutrino Yukawa coupling matrix, Mg is a lepton number
conserving complex 3 X 3 mass matrix, and pug and pg are Majorana complex
3 x 3 symmetric mass matrices that violate LN conservation by two units. After
the EWSB, we obtain the complete 9 x 9 neutrino mass matrix as given by the
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following structure
0 mp O
m,=| mb ur Mg |- (1.6.14)
0 Mg s
It is to note that pr does not generate light neutrino masses at the tree level. We
will set pug to zero for the rest of this thesis and consider a small ug as the only
lepton number violating parameter leading to the light neutrino masses. In the
mass range of our interest with us, mp, Mg, the mass matrix m, can be block
diagonalized which leads to the following light neutrino mass formula under the
ISS scheme.
Miighy ~ mp(Mg) ™ ps Mg mp, (1.6.15)

1.7 Cosmological consequences of BSM physics

Neutrinos are supposed to be very tiny creatures in the sub atomic world, however
they have big impact in the study of cosmos. Two foremost puzzles in modern
cosmology are origin of dark matter and baryon asymmetry of the universe. It is
indeed a delight to address these two issues along with the explanation of neutrino
mass, within a single framework, although it a matter of choice only. And it will
be even more delightful if the mechanism through which existence of neutrino
mass is addressed, can also be a viable cause for the origin of the two above
mentioned puzzles of cosmology. In this subsection we will briefly discuss such
possibilities. As already mentioned in the earlier subsection that the presence of
right handed neutrinos (RHN) are essential for generating neutrino mass beyond
the standard model, thus one can say that there might be some phenomena

associated with this RHN which knocks the door to cosmology.

1.7.1 Baryogenesis via leptogenesis

Cosmological and astronomical observations indicate that there is a tiny excess
of matter over antimatter that is the present number of matter and antimatter

are unequal. And there are strong evidences also which confirms this fact of
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matter excess over antimatter. This presently small but nonzero asymmetry in
the amount of matter and antimatter is familiar as baryon asymmetry of the uni-
verse (BAU). The large scale structures such as galaxies, galaxy clusters, stars
predominantly consist of matter rather than antimatter in appreciable measure.
This fact takes us to a journey manifest for finding the precise cause behind it.
Previously there was baryon symmetric universe at the epoch as suggested by
many considerations, due to the fact that the early universe was radiation dom-
inated, thus the photons always decayed to one matter-antimatter pair, hereby
bringing the equality in their number. The evolution of this baryon asymmetric
era from a previously baryon symmetric universe through the generation of a tiny
but non-zero amount of baryon asymmetry is termed as baryogenesis. Even if we
think that the present universe consists of equal numbers of matter and antimat-
ter, there must be some annihilation process like M + M = 2v one would expect.
Unfortunately, till date we did not observe any process as such. Therefore it is
claimed that the Universe is baryon asymmetric. Now the question is whether
the SM of particle physics can explain the origin of this asymmetry or not! Well,
the answer is NO. Although we have all the ingredients that are necessary to
generate this asymmetry dynamically in an initial baryon-symmetric universe,
yet it is unable to explain an observed amount of asymmetry [52]. There are
two problems with SM baryogenesis. The Higgs is too heavy for the electroweak
phase transition, which is to be of first order to account for a successful baryo-
genesis and which is of second order within the SM. Along with it, the amount
of CP violated within the SM is too small to yield the observed BAU. Thereby
we need to call for a Beyond Standard Model scenario for the study of baryoge-
nesis. Andrew Sakharov in the year 1967 put forward a theory postulating the
key ingredients which particle interactions and the cosmological evolution have

to satisfy for having a successful baryogenesis. The criterion are as follows:

e There must be baryon number violation. A system must evolve from an

initial state with Yap = 0 to a state with Yap # 0.

e There must be C and CP violation. In principle, the number of left-handed
particles generated in any process would be different from the number of

23



right-handed antiparticles (which are the CP conjugates of the left-handed
particles): which is possible only when CP is violated. Moreover, C viola-
tion is also essential, as the generation of the left-handed particles should
not compensate the generation of the left-handed antiparticles (which are

the conjugates of the right-handed particles).

e Depart significantly from thermal equilibrium. The departure from equi-
librium is realized when the above mentioned B-violating interaction rate
is slower than the expansion rate of the universe, this fact generally does
not escort the distribution of baryons and antibaryons of the universe into
equilibrium. In essence, as the heavy particle decays, the decay product will
move apart before it could participate in the inverse decay, causing a depar-
ture from equilibrium. In other words, before the chemical potentials of the
two states become equal, they move apart from each other. Analytically one
can write the out-of-equilibrium condition as I'(T") < H(T) = 1.6@/@%;1
where I' is the baryon-number violating interaction rate under discussion,
g« is the effective number of degrees of freedom available at temperature T

and Mp, is the Planck mass.

There are several mechanisms through which baryogenesis can be realized, viz.,
GUT baryogenesis [53-61|: where the out-of-equilibrium decay of heavy bosons
create the baryon asymmetry in Grand Unified Theories; Leptogenesis [62]: the
most popular mechanism of realizing the baryogenesis is leptogenesis, where the
presence of singlet RHNs, as an ingredient of the seesaw mechanism (in particu-
lar type I and inverse) makes it possible to go through a decay, hereby creating
an adequate lepton asymmetry which later on converts into baryon asymmetry
through electro-weak sphaleron process. The rate of this decay process should be
less than the expansion rate of the universe, to satisfy Sakharov’s 3rd condition
as discussed above; Electroweak baryogenesis [63, 64| is the scenario where
departure from thermal equilibrium brought by electroweak phase transition; and
finally the Afleck-Dine mechanism [65, 66| where the asymmetry arises in a
classical scalar field which later on decays to particles. Among all these scenarios
baryogenesis via Leptogenesis has gained popularity which has been picked for
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our work in this thesis.

The amount of baryon asymmetry has been confirmed by various cosmological
observations. Big-Bang-nucleosynthesis(BBN) is one of them. In BBN observa-
tion, abundance of light elements like D, *He, “He, "Li has been predicted. The
crucial time for premordial nucleosynthesis is when the thermal bath temperature
falls below T < 1 MeV. And this prediction depends on a single parameter 1. One
can find the BAU in two different ways given by the following equations where
the difference between the number of baryons and antibaryons is normalized to

the number of photons.

=BT TBL (6,214 0.16) x 10710 (1.7.1)

N~ ‘0

= (8.75+0.23) x 107 ¢ 1.7.2
0

YaB = 15 — 5 UB’
s
where, ng, ng, n, and s are the number densities of respectively, baryons, an-
tibaryons, photons and entropy. The entropy density is also a function of tem-
perature, given by s = ¢,(272/45)T3 which is conserved during the expansion of
the Universe. The subscript "0" means the observation of these ratios at present
time. The primordial abundances of the above elements are confirmed by several
observations. From those observations a range of 7 is found which is in agreement

with all the four abundances and that in turn favors the standard hot big bang

cosmology. The range can be shown as (with 95% CL)
47x10710 < <6.5x 1071 0.017 < Qph? < 0.024 (1.7.3)

The other impressive choice to determine )g is from measurements of the cosmic
microwave background (CMB) anisotropies, the detail of which can be found in
[67]. From a very recent observation such as WMAPS5 data only, gives (at 68%
CL) [68]

0.02149 < QA < 0.02397 (1.7.4)

Now it is better to measure the baryon asymmetry by the Eq. (1.7.2), as in this
equation the difference between numbers of baryons and antibaryons is normal-
ized to the entropy density, since the entropy density is conserved during the
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expansion of the universe. From Eq. (1.7.3) and Eq. (1.7.4), one can write the

BAU in terms of Yz at 3o level as
VBN — (810 4£0.85) x 1071, YHB = (8.79 £ 0.44) x 1071 (1.7.5)

Baryogenesis via leptogenesis is a simple mechanism to explain the BAU as sug-
gested by Fukugita and Yanagida [62]. A lepton asymmetry is dynamically gen-
erated in the lepton sector first, then it gets converted into baryon asymmetry
by (B+L) violating sphaleron interactions [69] which exist in the SM. A platform
to implement this mechanism can be a class of seesaw models (in particular type
[ in this thesis), where the presence of RH neutrinos brings out the scenario of
leptogenesis via the CP-violating decay of the RH neutrinos themselves. With
the growing interest of taking leptogenesis as the process of explaining the BAU
several BSM frame works have shown anticipating role. Therefore leptogenesis is
a mechanism of generating lepton asymmetry before the electroweak phase tran-
sition, which later on gets converted into baryon asymmetry after reprocessing
by electroweak sphalerons. The relation between baryon asymmetry and lepton

asymmetry is given by
8ng + 4ngy )

Yy = —(—<¢ 1
B <14nG+9nH

(1.7.6)

with ngy as the number of Higgs doublets and ng the number of fermion gener-
ations (in thermal equilibrium). The CP asymmetry generated by the decay of
the lightest RHN is given by

Yo[D(Ny — Hl,)] — [[(Ny — HI,)]
Yo[D(Ny — Hl,) + [T(Ny — Hi,)]]

(1.7.7)

€1 =

Now the process of leptogenesis belongs to two distinct scales, high scale and low
scale. By high scale leptogenesis we mean when the RHN mass is of order 10'2
GeV or more which naturally comes from the generation of light neutrino mass
by the canonical type I seesaw, whereas the second kind rules over a lower mass
regime of RH neutrinos e.g., when My, falls around a TeV. For the explanation of
smallness of neutrino masses seesaw mechanisms demands the inclusion of heavy
RHN. The mass of these heavy RHN needs to fall around 10'2 GeV if the seesaw
is canonical type I as already said. Now the RHN mass can stay in a lower mass
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regime (as around a TeV) if inverse seesaw explains the tiny neutrino mass. Thus
depending on various seesaw scenarios the RHN mass scale varies. These RHNs
transform as singlets under SU(2); symmetry group. In a basis where charged
lepton Yukawa couplings are diagonal, we can write the SM Lagrangian with the
newly added RHN as,

L= Ly + (%Nf + NiaNilo H + ho H + ho H€Ralo + h.c.). (1.7.8)
with [, and eg, as lepton doublet and singlet of flavor (a = e, i, 7). The newly
added RHN s undergo out-of-equilibrium decay to SM leptons and Higgs via their
complex Yukawa couplings, which later on play as a new source of CP violation
in order to yield a nonzero lepton asymmetry in the lepton sector. The RHNs
are Majorana in nature. The Majorana mass term of these RHNs indicate lepton
number violation. During the decoupling of the very heavy RHN s from thermal

bath, they decay to create leptons and antileptons via the Yukawa coupling
L C AN, LH + \'N,LH* (1.7.9)

where A is a 3 X 3 matrix containing the Yukawa coupling governing the decay

of RHNs.

Figure 1.4: Decay modes of right handed neutrinos taking part in leptogenesis

Resonant leptogenesis

Apart from the tree level diagram as shown in figure 1.4 the two one-loop dia-
grams also contribute to the CP-violating lepton asymmetry. In principle, the
interference of the tree-level decay amplitude with the absorptive parts of the
one-loop self-energy and vertex diagrams violates CP and hence gives rise to a
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considerable amount of lepton asymmetry. The amount of CP violation that
comes from the self-energy plot can be relatively larger than that comes from
the vertex graph (see for e.g., [70-72]) through the mixing of two nearly degen-
erate heavy Majorana neutrinos. Even the lepton asymmetry can attain a value
of order unity if two of the heavy Majorana neutrinos have a mass difference
comparable to their decay widths. Generally the self energy diagram holds good
when the heavy Majorana neutrino mass falls around TeV [73|. In other words,
the heavy neutrino self energy effects on the CP asymmetry become dominant
and hence gets resonantly enhanced. Because of this resonant enhancement of
the asymmetry, this scenario of leptogenesis is termed as resonant leptogenesis.
The larger the amount of lepton asymmetry, the smaller the lower bound on
RHN mass.
It is said that leptogenesis is a consequence of seesaw mechanisms due to the
presence of heavy Majorana fields. Now for a common search for the origin
of neutrino mass and baryogenesis via leptogenesis, seesaw mechanisms take a
strong hold. Resonant leptogenesis can be regarded as one of the consequences of
that motivation. For resonant leptogenesis to occur, some sufficient and necessary
conditions are to be satisfied, which even results into a tremendous enhancement
of the leptonic asymmetry up to order unity [73|. For a pair of Majorana neutrino,
one can write the conditions as
In,, [Im(Y,]Y,),;

2 WLz,

mpy, —mN]. ~ (1710)

where, I'y, are the N; decay widths. The lepton asymmetry can be found from

the following formula taken from [74, 75]

- Im[Y,, Yy (VY] + g4 Im((Y,, Y, (VY]
e =" — ' i (1.7.11)
J#i (Y Y )i (Yo Y)j5

with the regulator given by,

- (M? — M2)M,T;
Yo (ME - M2)? + MA?

with I'; = g{:(Yij)ii as the tree level heavy-neutrino decay width. Now, there

is a similar contribution €3’ to the CP asymmetry from RH neutrino oscillation
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[76, 77]. Its form is given by Eq. (1.7.11) with the replacement f/7** — f2*°,

where
(Mz2 - Mj2)MZFJ

det[Re(Y, Y;))]
(M7 = MJ'Q)Q + (ML + MT)* (YueYJ)i(YuYJ)M

osc __
i T

The total CP asymmetry therefore can be written as e; = €™ + €%°°. One can

write the final BAU as,

_ €il
~ —3 x 1072 1.7.12
; Kffmin(z., z;) ( )
where, 2z, = MN T. ~ 149 GeV, the critical temperature below which the

sphaleron transition processes freeze-out, z; ~ 1.25In(25K¢%) and K = &, > KBy
, with K; = T';/Hy is the wash out factor. Hy is 1.66/g* M3 /Mp is the Hubble

expansion rate at temperature ~ My and g* ~ 106.75. B‘l’s are the branch-
Yol

(YV D)’LZ
RIS(Real Intermediate State) subtracted collision terms one can write the factor

ing ratios of the N; decay to leptons of lth flavor: B; = Including the

K as,

[YoaY (YY1)y] + Im[(Y,0Y )2 M, — M.\ —1
l : )]]T [( ]lL le) ]( 9 i j) (1713)
IRYE=) Re Y Y ”{<YY )“ + (YY )jj}] I + Fj
where, Y, is the Dirac Yukawa coupling matrix in a basis where RH neutrino
mass is diagonal. As seen from the expression Eq. 1.7.11. It is worth noting
that, during the calculation of RIS contribution since only the diagonal terms

are considered in the sum, x; can take its maximum value and hence we can have

Kr=1+ O((S?)

1.7.2 Dark matter

Starting from some astrophysical observations, such as rotation curve of spiral
galaxies around the cluster by Fritz Zwicky [78, 79|, inhomogeneity in cosmic
microwave background radiation (CMBR) [80], or more recent observations in
Bullet cluster [81] to the latest cosmology data provided by the Planck satellite

|52], hint towards the existence of dark matter (DM) in the universe.
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One of the main evidences for DM comes from measuring the rotation speed
of galaxies. One can compute the mass of a galaxy by finding the velocity of
the stars as they orbit the center of the galaxies. Had the galaxies composed of
visible matter only, major portion of their masses would be concentrated in the
center. But the Kepler’s law says that the orbital velocities of the stars decreases
as one goes to the outer edges of the galaxy, because there would be less mass.
But intriguingly, astronomers observed that the orbital velocities of the stars
around the center remain constant and do not decrease even if we go to a larger
distance from the center of the galaxy, where there are fewer stars. And this fact
implies that there must be an unseen mass in the galaxies even beyond the area

containing majority of the stars.

The study of galaxy clusters gives another important observation for DM evi-
dence. "Gravitational lensing" is one of the methods for measuring the mass of
galaxy clusters. Einstein’s theory of relativity tells that a massive object can
bend the light which is coming from a distant source towards us, that way the
object behaves like a gravitational lens. By measuring the distortion of the light,
the total mass of the galaxy cluster is estimated. From this method it is found

that a major portion of the galaxy clusters are composed of dark matter.

Then among the direct observational evidences, Bullet cluster gives strong confir-
mation regarding the existence of DM. Bullet cluster is composed of two galaxy
clusters passing through each other. Now, interestingly when the two galaxies
pass each other, the visible matter portions collide and slow down while the dark
matter components pass each other without interacting and slowing down. This
fact creates a separation between the dark and visible matter of each cluster.
This separation was detected by comparing X-ray images of the luminous taken
with the Chandra X-ray observatory. The dark matter components were found
moving away from the center with high speeds, however the two narrower re-
gion of the ordinary matter were moving with less speeds behind them. As this
evidence does not obey Newtonian mechanics, thus it is announced as a direct

evidence for dark matter.
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A particle description of DM is much sought after as the SM fails to provide a
particle DM candidate that can satisfy all the criteria of a good DM candidate
|82] and lot of exercises are performed (for a brief review, please refer to [83, 84|)
to accommodate DM in extensions of SM. With the motivation of accessing an
experimental verification of DM, a plethora of BSM frameworks are constructed
assuming the DM to be a scalar, fermion or a vector boson and which can give
rise to the correct DM phenomenology along with the possibility to be tested
at several different experiments. Among them, thermal freeze-out of the weakly
interacting massive particle (WIMP) [85] paradigm is the most popular BSM
scenario as the correct DM relic abundance can be achieved for such a particle
as it has interaction strength similar to weak interactions. This coincidence is
also referred to as the WIMP Miracle. In terms of density parameter and h =
(Hubble Parameter)/100, the present dark matter abundance is conventionally

reported as [52]
Qpmh? = 0.1187 4 0.0017 (1.7.14)

Using the measured value of Hubble parameter, this announces that, approxi-
mately 26% of the total energy density of the present Universe being made up of
DM.

1.8 Discrete flavour symmetry

Particle physics community shall ever remain indebted to Symmetry, as it plays
a nontrivial role in addressing many observable phenomena associated with this
ball park of particles and forces. Starting from continuous symmetries such as
Lorentz, Poincare and gauge symmetries, we see that they are essential to under-
stand several particle physics phenomena like strong, weak and electromagnetic
interactions among particles. Along with these, there are discrete symmetries
such as Charge conjugation(C), Parity(P) and Time reversal(T), which are also
of special importance. To realize them particle physicists of different decades put

forward many models.
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Several continuous symmetry groups such as SU(N) and SO(N) are found to play
vital role in explaining the masses of elementary particles. The non Abelian con-
tinuous symmetry groups are also termed as the lie groups of particle physics.
The Standard Model is a collection of SU(3).x SU(2), xU(1)y Lie groups, which
is popularly known as Glashow-Weinberg-Salam model. It does not accommo-
date neutrino mass as the SM Higgs can not give mass to the neutrinos due to the
absence of the right handed neutrinos within it. There are several extensions of
the SM, where the SM gauge groups are augmented with one or more symmetry
groups. In essence, those symmetry groups beautifully accommodate some extra
right handed neutrinos in particular, and holds a concrete theory explaining the
existence of massive neutrinos. In this context some non-Abelian discrete sym-
metry groups (please see e.g., [86] for a detailed analysis) took a strong hold of
the entire scenario, with the introduction of the RHNs along with some addi-
tional scalar fields. In this thesis we build a few new models and modify some of
earlier in the light of some non-Abelian discrete flavour symmetry groups. We
extensively use Sy and A, symmetry groups to explain the neutrino phenomenol-
ogy in this thesis. On the other hand some sub groups such as Zy of the bigger
groups e.g., Sy makes it possible to control the desired and permitted Yukawa
couplings in model building beyond the standard model. A class of Zy groups
are in extensive use in this context. This class of Zy groups are even helpful to
shade light on the dark sector, specially in stabilizing a potential dark matter
candidate in a particular model. In this regard the non-Abelian groups are of
special importance as they can simultaneously accommodate neutrino mass and
a stable dark matter candidate under a proper charge assignment to the parti-
cle contents of a model. In the following subsections we will briefly discuss the

properties of Sy and A4 symmetry groups.

1.8.1 The group S, and its properties

Sy is a group of permutation of N objects, that is all possible kinds of per-
mutation among these N number of objects form a group called Sy. Order of
Sy goes as NI. The Sy group has two one-dimensional representations, one is
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trivial singlet, which is by definition invariant under all the elements (symmetric
representation), the other is pseudo singlet, that is, symmetric under the even
permutation-elements but anti-symmetric under the odd permutation-elements.
Depending on the number N, there are variants of groups starting from Sy, S
and so on. According to the definition of Sy, there is only one element in the
group S7. Similarly S5 has got two elements formed by the permutation of two
objects, which is nothing but the group Z; and Abelian. Therefore we can start
with the immediate bigger group formed by the permutation of three objects
familiar as S3 with order 3! = 6. S5 is isomorphic to the symmetry group of
a equilateral triangle. Following the same definition for Sy, S; consists of all
permutations among four objects, x1, x9, x3, 4. The generalized transformation

among the positions of four objects, one can write as
T1,23,T2,Ta — Xf, Zj, Tk, T

The order of Sy is equal to 41 = 24. There are two generators of S, familiar as
S and T which satisfy
T =S3=e TS*’T =S (1.8.1)

All of the S, elements can be written as products of these two generators. There
are five in-equivalent irreducible representations of Sy, among which there are two
singlets 1 and 1’, one doublet 2 and two triplets 3 and 3’. S and T have differ-
ent structures, depending on which irreducible representation we are considering

singlet, doublet or triplet. The representations are given as follows:

ay b1 Clll bll
aq bl /
a, b~ 117 ) ~ 27 as ) b2 ~ 37 alg ) blg ~3
(05} b2
as b3 a bl
A, B, A,B,
e (4,8.) [4,B.]
A-¥-B
? {A:By} [A.By]

33



A-B=A,B,+A,B,+ A.B.
{A;B;} = A;B; + B, A,
[A;B;] = A;B; — A; B, (1.8.3)
A-Y-B=A,B, +wA,B, +w*A.B,
A-Y*.B=A,B, +wA,B, +wA.B,.

Later on for simplicity, we can replace 3 — 31, 3’ — 35, 1 — 1;, 1’ — 15. The

tensor products of Sy that has been used in the present analysis are given below

3><11:3,3><12:32,32X12:3,2X12:2.
22=1,®1,82,
31®31:11@2@31@32.

The Clebsch-Gordon coefficients for the product of two triplets can be written

from [86] as follows.

aq bl
1/v2(ayby — asb
a9 X b2 = (a1b1 + CLsz + agbg)h D / ( 2 ’ 3) @
1/v/6(—2a1by + asby + asbs)
as 3, bs 3, 2
a2b3 + CLng a3b2 — CLQZ)3
a1b3 + a3b1 S5 Cblbg — a3b1
albg + CLle 3 a2b1 — albg ,
aq bl
1/v/2(asby — asb
as X1 by = (a1by + agby + azbs)i, ® /v2azbs sbs) ®
1/\/6(—2@1[71 + a262 + agbg) )
as 3 bs 3
asbs + asby azby — azbs

albg -+ ngl % a1b3 — agbl

a162 + CLgbl CLle — CleQ
31 32
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a1 by

1/v6(2a1by; — asby — aszb
a9 X | b = (a1by + agby + azbs)1, ® /V6(2aub, 27 sbs)

1/\/§(a2b2 — agbs) )
as 3 b3 3

azby — asbs asbs + azby
albg — CL3b1 S¥ albg + Clgbl

a2b1 — a1b2 3 CL1b2 + CLle
1 2

1.8.2 The group A, and its properties

Ay consists of all even permutations of S; with order equal to 4!/2 = 12. The Ay
group is the symmetry of a tetrahedron. Thus, the A, group is often denoted as T.
Ay has four conjugacy classes and hence four irreducible representations, among
which there are three singlets and one triplet. The group has got two generators
namely S and T. The triplet multiplication rules of A4 that has been used in
this thesis are given below. There are two sets of Clebsch Gordan coefficients
involved in the triplet product rules. One has been prepared by the S-diagonal
basis, i.e. when the generator S is diagonal, and another is built from T-diagonal
basis, i.e. when the generator T is diagonal (for more details see [87-89]).

The representations are given as follows

a1 by
a, b~ 1, ao , b ~ 3
as b3

11=1, 'l =1" 1'el1"=1
1"®1"=1, "®3=3, 1"©3=3
33=1%11"%3,® 3,

where a and s in the subscript corresponds to anti-symmetric and symmetric
parts respectively. Denoting two triplets as (a1, as, az) and (by, b, bs) respectively,

their direct product can be decomposed into the direct sum mentioned above as

1 a1b1 + 32b3 + a3b2
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1" v~ agbsg + a;by + asby
1" «~ asb, + a;bs + asb;
3s « (2a;b; — agbg — agby, 2agbs — a;bs — agby, 2abs — a;bs — agby)
3a v (azbg — agbz,a;bs — azby,a;bs — agby)

The above product rules are built by considering the triplet representation in a
basis where the generator T is diagonal. Moreover we also have another set of
Clebsch Gordan coefficients for the triplet product rule, considering the triplets

in a basis where S is diagonal instead T. They are as follows.
1 albl + bzbg + a3b3

1/ “ a1b1 + w2a2b2 + u}agbg
]_H e a1b1 + wazbz + w2a3b3
3 «~ (azbs, azby, a1 bs)

3 « (agbz, a;bs, azbq)
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