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Abstract

The study of neutrino physics is an indispensable limb of particle physics which
can play a key role in addressing some of the unsolved problems of nature both
theoretically and experimentally. In other words, the essential part of neutrino
physics lies in how to explain the nine physical parameters which are related to
neutrino masses, mixing angles and CP-violation. Neutrinos are being most abun-
dant in nature, next to radiation, are extremely difficult to catch as they interact
only through weak forces. Various neutrino oscillation experiments followed by
theoretical work confirmed that neutrinos transform from one flavor to another
during their propagation, which implies non-zero mass for neutrinos. As a result
of of huge experimental efforts, most of the neutrino oscillation parameters are
measured precisely and it is now confirmed that atleast two of the neutrinos are
massive. But the smallness of the neutrino mass demanding different origin for
neutrino mass compared to other fermions. Different types of see-saw mechanisms

explain the smallness of neutrino mass but not the mixing.

In the case of SM symmetry, the parameters in the neutrino mass matrix M,
are independent of each other, but if there is some flavor symmetry which re-
lates different generations of fermions, the number of free parameters are reduced.
There are some standard neutrino mixing patterns which favours the flavor sym-
metry such as Bimaximal mixing (BM),Tri-bimaximal mixing (TBM), Democratic
mixing (DC), Hexagonal mixing (HG), Golden Ratio-A, Golden Ratio-B etc. All
the above neutrino mixing patterns suggest reactor mixing angle #,3 is zero and
the atmospheric mixing angle 653 is maximal i.e., (7/4). But the recent data from
various dedicated neutrino oscillation experiments suggest non-vanishing value for

013 and deviation of atmospheric mixing angle €53 from its maximal value.

Hence, in order to accommodate the observed reactor mixing angle #,3, we consider
perturbation to the above neutrino mixing forms and observe that the perturba-
tion to neutrino mixing patterns explains the observed non-zero ;3. Here in this
thesis, we consider perturbation to Tri-bimaximal mixing and studied the implica-
tions on neutrino phenomenology such as experimentally observed mixing angles
and variation of effective neutrino mass MY, with light neutrino mass m, for both
normal hierarchy (NH) and inverted hierarchy (IH), Dirac CP-violation (d¢p) and

Jarlskog invariant Jop.
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Chapter 1

Introduction

Neutrinos are the most abundant and elusive fundamental particles next to radia-
tion which are formed just after the Big Bang. Neutrinos are produced at various
sources, such as in stars, supernovae, nuclear reactions on earth, etc. Neutrinos
are quite different from other particles, as they have unmeasured mass and can
travel close to speed of light. They are electrically neutral and react only through
weak forces which makes them difficult to be detected in the detector. In the
standard model (SM), neutrinos are strictly massless as they do not have any
right-handed component. But the results from various dedicated neutrino oscilla-
tion experiments reveal that the flavor of neutrinos change as they propagate and
such flavor change is possible only if neutrinos have finite non-zero mass. Thus,
the observation of neutrino oscillation furnish the first clear evidence of physics

beyond the scope of SM.

1.1 History of Neutrino

Wolfgang Pauli, an Austrian physicist first postulated the idea of neutrino [1], in
an open letter to a physics conference at Tubingen on 4th December 1930. To
explain the violation of energy-momentum conservation and angular momentum
conservation in (-decay process, which was thought to proceed as n — p + e™,
he proposed the existence of an weakly interacting neutral fermion. Pauli called
this neutral fermion as neutron. After the discovery of neutron as we know it
today by Chadwick in 1932, Fermi in 1934 [2] developed the theory of beta decay

and renamed the particle proposed by Pauli as neutrino means “the little neutral

1
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one”. In 1933, Perrin [3] and Fermi [2] separately concluded that neutrinos could

be massless.

Neutrinos are not observed in the particle interactions, partly because of their
negligible interaction rate with the matter. However, in the early 1950s, Reines
and Cowan [4] searched for a new way to observe the neutrino in the inverse
beta decay process in which anti-neutrinos are created in the reactor through beta
decay interacts with protons in the target and produce positron and neutron.
Thereafter, the positron combines with the electron in the target matter and an-
nihilates quickly giving rise to two 0.5 MeV ~-rays, which can be detected by the
scintillation detectors. The neutron is slowed down in the water and gets captured
by the cadmium chloride and emits another photon. The interaction process is

given by

Ve +p—n—+ e+,
et +e = v+7,
n+%Cd =% Cd + . (1.1)

Therefore, these experimental results confirm the existence of electron neutrino
(v.) and this experiment is the first reactor based neutrino experiment. In 1995,

Reines was awarded with Nobel prize for neutrino detection.

In 1956, to explain the famous 6§ — 7 puzzle, Lee and Yang [5] gave the idea
of non-conservation of parity in weak interaction and suggested many number of
ways to observe the parity violation. Later on parity violation was observed in (-

decay of polarized %°Co,

7t —>u++l/u,

p = et + v+, (1.2)

In 1958, the V' — A theory of weak interaction was formulated [6, 7], which can
be realized in the lepton sector by using the two-component framework of mass-
less neutrino. This in turn implies neutrinos are left-handed particles and anti-

neutrinos are right-handed.

In 1958, at Brookhaven National Laboratory (BNL), Goldhaber, Grodzins and
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Sunyar [8] observed the polarization of neutrino in the process of electron capture
e” +2 Bu =% Sm* 4 v, , (1.3)

which subsequently decays into
B29m* — Sm!? + ~. (1.4)

They observed the polarization of photon which gives the polarization of the elec-
tron neutrino (1) is in a direction opposite to its motion (left-handed) which is in

agreement with the two-component theory of massless neutrino.

The first accelerator based neutrino experiment was carried our at BNL by Leder-
man, Schwartz, Steinberger et.al. [9] and succeeded in establishing the existence
of muon neutrino (v,). In 1975, the tau lepton (7) was discovered at SLAC by Perl
et al. [10] and bottom (b), top (¢) quarks were discovered at Fermilab in 1977 and
1995 respectively. In 2000, the tau neutrino (v,) was first discovered at DONUT

experiment [11].

In 1980s, the Large Electron-Positron Collider (LEP) experiment at CERN accu-
rately measured the width of Z-resonance which provided the strong confirmation

that there are only three active light neutrino flavors with m, < 45 GeV.

The formulation of the SM by Glashow, Weinberg and Salam in 1967 [12] is
the significant milestone in the theory of weak interactions which is based on
the SU(2), x U(1)y gauge symmetry proposed by Glashow in 1961. Later Higgs
mechanism [13] was developed in 1964 by Higgs-Englert-Brout-Guralnik-Hagen
and Kibble. The observation of neutral-current (NC) neutrino interaction at
Gargamelle experiment, CERN [14] stands as the first confirmation to the suc-
cess of SM, which was subsequently confirmed at Fermilab. However, results from
various dedicated neutrino oscillation experiments indicated that neutrinos change
their flavor as they propagate. It is possible only if neutrinos have finite mass which
evidently indicates the possibility of new physics beyond SM. Therefore, neutrinos

act as a messenger for physics beyond the SM.

The concept of neutrino oscillation was first proposed by B.Pontecorvo in 1957
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, motivated by the oscillation phenomenon = KO. Later in , Maki-
15 i d by th illati h K" K° L 1967, Mak

Nakagawa and Sakata [16] provided the complete picture of oscillations.

In 1969, Ray Davis [17] observed the solar neutrinos by using chlorine detector at
Homestake solar mine in USA. According to Standard Solar Model (SSM), most
of the electron neutrino (v,.) flux is coming from the Sun through proton-proton
(p — p) chain reactions in the nuclear fusion. The discrepancy between the exper-
imentally measured solar neutrino flux by Gallium experiment and theoretically
calculated neutrino flux by John Bachall [18] is known as “Solar neutrino prob-
lem”. In 2002, SNO experiment [19], explained solar neutrino anomaly through

the oscillations of v.’s into v, and v, inside the sun through MSW resonance effect.

Atmospheric neutrinos are created in Earth’s atmosphere by bombardment with
cosmic rays gives v,’s and v.’s through the processes 7t — p* + v, and p* —
e” + ve + 1,. The discrepancy in the expected and observed number of neutrinos
is known as “Atmospheric neutrino anomaly”. Data from the long baseline exper-
iment K2K [20], confirmed that neutrinos oscillate and explained the atmospheric

neutrino anomaly through the missing of atmospheric v,’s.

Therefore, over the years various dedicated experiments confirmed the phenomenon
of neutrino oscillations that can explain the anomalies associated with solar and

atmospheric neutrino sector.

The Chapter is organized as follows. The first section discusses the historical
journey of neutrinos and in the following sections, we present a brief overview on
SM of particle physics and Higgs mechanism which explains the generation of mass
to gauge bosons and fermions sector in the SM. The last section contains a small

discussion about the necessity of beyond the Standard Model scenarios.

1.2 Standard Model: Theory of Fundamental In-

teractions

The Standard model is a well established gauge theory which explains the inter-
actions among the fundamental particles, i.e., strong, weak and electromagnetic

interactions based on Quantum Field Theory (QFT) framework. It is constructed
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| [ Field [ SUB)c x SUR), x U(L)y |

Fermions | Qp = (u,d)? (3,2,1/6)
UR (3,1,2/3)
dr (3,1,—-1/3)

= (v, )t (1,2,-1/2)
E€ER (1, 1, )
Scalar H (1,2,1/2)

TABLE 1.1: Particle spectrum and their charges under the SM gauge group.

based on the gauge symmetry SU(3)c x SU(2), x U(1)y, where the subscripts
C, L,Y denote the color charge, left-handed parity and hypercharge respectively.
The gauge group uniquely specifies the nature of interactions, properties and num-
ber of vector bosons that correspond to the generators of the gauge groups. In the
SM, the elementary particles are classified into two major groups: fermions and
bosons where fermions are the spin—% particles that make up matter and bosons

are the integral spin particles which transmit the forces.

1.2.1 Fermions

Fermions are the particles with % integral spin and obey Fermi-Dirac statistics,

which are again categorized into two classes: quarks and leptons.

1.2.1.1 Quarks

Quarks are the fundamental constituents of hadrons and exhibit confinement, i.e.,
quarks do not exist as free particles. There are six flavors of quarks, which are
grouped into three generations and participate in all the four fundamental inter-
actions. Quarks have fractional electric charge. Unlike leptons, quarks have color
charge (red, blue, green) which causes them to participate in strong interaction.
Quarks combine themselves to form hadrons in two different ways either in qg
pairs of same color charge to form mesons or in ggq form, where each quark has

different color to form color-less baryons.
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1.2.1.2 Leptons

Leptons are the subatomic particles which participate in weak, electromagnetic and
gravitational interactions and are not influenced by strong interaction. Leptons
can exist as free particles in six flavors which are classified into three generations.
There are three charged leptons: electron (e”), muon (=) and tau (77) and
three neutral leptons known as electron-neutrino (v.), muon-neutrino (v,) and

tau-neutrino (v;).

1.2.2 Bosons

Bosons are the particles with integral spin which obey Bose-Einstein statistics.
In the SM, gauge bosons mediates the fundamental interactions. Strong interac-
tions are mediated by eight massless spin-1 bosons, corresponding to 8 generators
of SU(3)c. Weak interactions are mediated by three gauge bosons, which are
massive corresponding to three SU(2), generators, out of which two are charged
(W*,W~) and one is neutral (Z°) boson. Electromagnetic interaction is medi-
ated by a neutral, massless particle: photon () corresponding to one generator of
U(1)y. The electroweak part of SM is based on SU(2), x U(1)y symmetry group.
In addition, SM predicts the possibility of another scalar boson, known as Higgs

boson, which is responsible for generation of mass to W+, Z° and other fermions.

In the SM, the fermion sector depends on thirteen independent variables: siz
quark masses, three charged lepton masses (neutrinos are massless in SM), three
quark mixing angles and one phase and all these variables must be measured from
experiments. Phenomenologically, SM is extremely successful in describing almost
all the known phenomena except neutrino oscillations, which will be discussed in
Chapter-2.

1.3 Symmetries in Standard Model

Based on theoretical grounds, all the interactions are dictated by the symmetry
principles. In particle physics context, SM is based on the so called local gauge
symmetries that intimately related to conserved quantities such as electric charge,

color etc.
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1.3.1 Strong Interaction

Strong interactions are governed by SU(3)¢ local gauge symmetry. The physics
has to be invariant under this non-abelian local symmetry transformation in color
space. The transformation rule for the matter field ¢(z) (which is a triplet under

SU(3)¢c group) is symbolically represented as

(@) = ¢/ (x) = DT (a), (1.5)
where T, with a = 1,2,---,8, are the set of eight traceless Gell-Mann matrices
obeying the relation

[Tm Tb] = ifabcTc- (16)

Here, fu. are known as structure constants. The SU(3)c gauge invariant La-
grangian is given by

1
—ZGe GhY, (1.7)

L= @/;(Z’y“au - m)¢ - 9(@5’YMT@?/))GZ 4w

where the first term denotes the kinetic term of the matter field, the second term
denotes the interaction term and the last term gives the kinetic part for the medi-
ating particles (gluons). The gluon field-strength tensor G, 1s expressed in terms

of gluon fields as
Gl = 0uG, — 0,G) — gfachZG§~ (1.8)

The gauge bosons G, transform as
a a 1 C
G,u — Gu - gaua/a - fabcabGu- (19)

SU(3)¢ local gauge invariance requires the gluon fields to remain massless. The
particles charged under the SU(3)¢ symmetry participate in strong interactions.
Since quarks are color triples, the Lagrangian (1.7) describes the interactions be-

tween quarks and gluons.

1.3.2 Electroweak Interaction

Electroweak interactions can be incorporated under SU(2.) x U(1)y symmetry.
The subscript L denotes that only left-chiral fields which are charged under SU(2) [,

gauge symmetry. The transformation of a field under this symmetry is described
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by its weak-Isospin (7). All the left-handed fermion fields are isospin doublets
(xz) and right-handed fields are isospin singlets (1g). The subscript Y on U(1)
denotes the weak hypercharge. The isospin and hypercharge quantum numbers
obey the relation

Q=I1+Y, (1.10)

where I3 denotes the third component of isospin, () denotes the electric charge.
The transformation rule for x; and ¢y is

Xp(w) = X (x) = O THIE (),
Ur(r) = Pp(e) = POV yp(a), (1.11)

where i = 1,2,3 and 7; = 0,;/2, 0; denotes the Pauli matrices

(0 1) (0 —i) (1 0)
g1 = y 09 = ; 03 = . (112)
10 i 0 0 —1

The left and right chiral fields are defined as

b = (”—2”‘% . (1.13)

(1—s)

XL = 92 X

All the SM fermions and their charges are given in Table. (1.1). The invariant
Lagrangian under SU(2), x U(1)y is given by

L = X" (i@u — g7y WL - QIYBH) XL + ER’Y“ (10, — QIYBu) VYR

1 1
_ZWWWW - ZBWBW ; (1.14)

where the field tensors are given by

W, = W, —0,W,—gW,xW,
By, = 0,B,—08,B, . (1.15)

The gauge fields W, and B, transform as

1
W,—- W, — §8Ma'(m) —a/(x) x W, ,

B,— B, — ;,@’(:v) . (1.16)
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Quarks and leptons being charged under the SU(2);, and U(1)y gauge symme-
tries, and participate in the electroweak interactions. Weak interactions are short
range, mediated by three heavy gauge bosons W*, Z°. A mechanism is needed to
generate the masses to all these gauge fields. This mechanism is called “Higgs

mechanism”, named after by the renowned physicist Peter Higgs.

1.4 Higgs Mechanism

All the SM fields are massless, moving at relativistic speed at the early Universe.
Later, a phase transition took place when all these massless fields (fermions and
gauge bosons) became massive by interacting with a scalar field. To generate
mass for all the SM particle content i.e., fermions and gauge bosons, we require
an SU(2), complex scalar doublet with Y = +%, to break the gauge symmetry

spontaneously, which is denoted by

_ (¢
¢ = <¢0> : (1.17)

Here ¢ = ¢ +igy and ¢° = ¢3+1i¢y, the charged and neutral components respec-
tively. In this mechanism, the neutral component ¢3 attains a vacuum expectation
value (VEV). Thus the guage symmetry SU(2);, x U(1)y is spontaneously breaks

down to U(1)gm. The scalar potential of a complex doublet has the form

V(9) = 343(616) + Phol616)” (1.18)

For p7 < 0 and Ay, > 0, the potential attains two minima at ¢3 = £ v with

v = \/—7% and the shape of the potential V(¢) looks like a Mexican hat, shown
in Fig 1.1. The scalar components ¢, ¢o and ¢, do not acquire any VEV, remain
as unphysical massless Goldstone modes. Under unitary gauge, these modes get
eaten up by the massless gauge fields W=, Z to become massive, while A, remains

massless. In this gauge, the ¢ can be written as

1 0
¢ = 7 <h+v> : (1.19)

where h denotes the physical Higgs with v = 246GeV.
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Vig)

NV

FIGURE 1.1: The form of Higgs potential for pZ < 0 and Ag > 0.
1.4.1 Masses to gauge fields
The masses to the gauge fields come from the kinetic term of the Lagrangian
L =|(id, — gri. Wi, — ¢V B,) ¢|" = V(9), (1.20)

After spontaneous symmetry breaking, using Eqn. (1.19), we obtain

2 2
L= %@Lh O"h + @ (%W*W - ZMZ“) -Vig).  (121)

The charged W* bosons are represented by W* = (W' £ iWW?)/y/2, the neutral
fields Wj’ and B,, mix to give the physical fields Z,, and A, as

ZM = —SwBM+CWw3,
A, = cwBu+swW), (1.22)

where sy = sin 6y and ¢y = cos fy with Oy = tan='(¢’/g), known as ‘Weinberg

mixing angle’. The mass spectrum of all the three gauge bosons and the Higgs
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can be derived as

1
My = 509 )

1
Mz = EU g2 + 9,2 )
MA = Oa

Mh = \/2)\¢02. (123)

1.4.2 Masses to fermion fields

The fermion mass term —mape) violates the SU(2); gauge invariance. So one
can introduce the SU(2)p x U(1)y invariant term after the guage symmetry is

spontaneously broken by the Higgs doublet as
3 .. .. ~
L, = Z (—y lindejr — yi Qi ddir — v Qi dujr) + h.c., (1.24)
ij=1

where i, j denote the generations and ¢ = —im¢*. In Eqn. (1.24), yq denotes
Yukawa coupling for the down-type (d,s,b) quarks, y, for the up-type (u,c,t)
quarks and y, is for the leptons(e, u, 7). Using Eqn. (1.19), we obtain the lepton
mass as M, = yw/x/? and quark mass M, = yqv/\/i.

1.5 Neutrinos in Standard Model

The Standard Model is a remarkably successful theory, which provides an splendid
description of interaction of particles. However, SM has not been up to experi-
mental scrutiny in the description about neutrinos. The assumptions during the
construction of SM are: Neutrinos are massless, there are only three flavors of neu-
trinos (v, v, V), neutrinos and anti-neutrinos are distinct and all the neutrinos

(anti-neutrinos) are left-handed (right-handed).

In SM, as the right-handed neutrinos don’t exist, the Dirac mass term is forbidden
in the SM Lagrangian. Furthermore, the Majorana mass term is also not allowed
in the SM, as it violates lepton number (AL = 2), which is an accidental symmetry
of the SM. Therefore, neutrinos are strictly massless in the SM. Nevertheless, we

have a direct confirmation from neutrino oscillation data is that the neutrinos are
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not massless. Existence of mass for the neutrinos is a clear signal for beyond SM

scenarios.

1.6 Beyond Standard Model

Even though the SM is phenomenologically successful in describing all the funda-
mental interactions of elementary particles, SM isn’t the ultimate theory of nature
and might be low-energy effective theory. It does not provide any satisfactory an-
swer to some of the open issues, like like neutrino oscillations, dark matter, dark
energy etc, which were established experimentally and comes under “Physics be-
yond the Standard Model”. In general these scenarios incorporate all the possible
extensions of SM regardless of whether the extensions explain any set of puzzles
not resolved in the SM. BSM plays a key role in understanding the cosmological
puzzles to go beyond SM to incorporate the new physics or suggest candidate
suitable for dark matter, dark energy, inflation etc, which are not detected by
the experiments till now, but the observed data put a constraint on these BSM

candidates/theories.

1.7 Thesis Overview

The plan of the thesis is given as follows. In the first chapter, we introduce the
neutrinos from a historical perspective followed by a brief discussion on Standard
Model and Higgs mechanism that explains the generation of mass to gauge bosons
and fermions. Then we briefly mention about why Standard model is not the
complete fundamental theory and the necessity to go beyond it. In Chapter-2, we
discuss about the theory of neutrino oscillation in vacuum in both 2r and 3v fla-
vor cases and also the effect of matter on neutrino oscillation. The current status
of oscillation parameters is also presented. Chapter-3 deals with the discussion
about different see-saw mechanisms which explain the smallness of neutrino mass
and various neutrino mixing patterns that are y — 7 symmetric. In Chapter-4, we
discuss charged lepton correction to TBM matrix and its phenomenological impli-
cations. Chapter-5, contains perturbation to TBM matrix and its implications on

neutrino phenomenology. Summary and Conclusions are presented in Chapter-6.



Chapter 2

Neutrino Oscillation

2.1 Introduction

Neutrino oscillation, a quantum mechanical phenomenon where neutrino of a par-
ticular flavor changes into another flavor of neutrino, as it propagates out from the
source. The flavor change in neutrinos clearly shows that the flavor eigenstates of
neutrinos (v., v, v,;) are not same as the mass eigenstates (14, 15, v3). Neutrino
flavor states can be written as the coherent superposition of mass eigenstates.
When neutrino propagates, the quantum mechanical phases of the mass eigen-
states move at different rates due to their different masses. This subsequently
results the change in the combination of different mass eigenstate components,
which corresponds to change in flavor eigenstates. Neutrino oscillation indicates,
neutrinos to have non-zero mass and also mix among themselves, which gives the

first experimental evidence of physics beyond SM.

Neutrino oscillations was first proposed theoretically by Bruno Pontecorvo [15] in
terms of neutrino-antineutrino oscillations in analogy with the oscillations of K° =
K as suggested by Gell-Mann and Pais [21]. The complete picture of mixing
of neutrinos in the case of three flavor neutrinos was later developed by Maki,
Nakagawa and Sakata in 1962 [16], based on Nagoya model in which nucleons are
bound states of vector boson and neutrinos with definite mass. The experimental
evidence for neutrino oscillation was first noticed at Super-Kamiokande [20], in
the case of atmospheric neutrinos and at Sudbury Neutrino Observatory (SNO)

in the case of solar neutrinos [19]. In this chapter, we will discus about neutrino

13
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oscillations in vacuum for both two flavor and three flavor cases and also neutrino

oscillations in matter.

2.2 Theory

Neutrino of definite flavor eigenstate v, is created with the corresponding charged
lepton flavor, i.e., electron (e), muon (i), tau (7). The flavor eigenstates of neu-

trinos v,, where a = e, i1, 7, are not identical to the mass eigenstates.

Particular flavor eigenstate of neutrino |v,) can be written in terms of mass eigen-

states |v,) with r = 1,2,3, and is given by the expression
Va) = Varlta). (2.1)
Thus, one can write the mass eigenstates in terms of the flavor eigenstates as
lvr) = Z(VT)M‘V&>
= Z Fva) (2.2)

where V' is a lepton mixing matrix, which is unitary and known as Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) matrix, which satisfies the relations
VIV=I1, > Va Vi =0 Z Vor Vi = 6 (2.3)

Analogously, one can express the flavor states for anti-neutrinos as

Z * o). (2.4)

Since the neutrino states are orthonormal (both flavor and mass states), they

satisfy the orthonormality conditions

<I/5’Va> = (Sa/ﬁ ) <I/r"/s> = 6rs . (25)

Let us assume that neutrino flux of particular flavor v, is produced by a given

source at the origin, i.e., at (z,t) = (0,0) and propagates along z-direction. The
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neutrino beam is aimed towards the detector which is at a distance L from the
source along this axis. During the propagation through vacuum the neutrino is
not bounded by any type of potential i.e., behaves like a free particle.

The time evolution of neutrino mass eigenstates is given by the time-dependent

Schrodinger equation
d
Z%Wr(x:t» = H|v.(z,1)) = E;|v,(,1)) , (2.6)

where H denotes the Hamiltonian and E, denotes the energy of neutrino with

momentum p, and mass m,.

By solving the above equation, we get the plane wave solution for mass eigenstates

as

V(1)) = e EPD1,(0,0))
= ¢ 1,(0,0)), (2.7)

where ¢, = (E,t — p, - T).

In the flavor basis, the flavor state v, at point (x,t) is given by
|Va(z, 1)) ZVOAVT x,t)) (2.8)
which with the substitution of |v,.(z,t)) value from Eqn. (2.7), can be read as
Vol 1)) = Y Vare ¥ [14,(0,0)). (2.9)

Again expressing the mass state |v,.(0, 0)) in terms of the flavor states as |,.(0,0)) =
S Vil (0,0)), we et

y=e,ut
|V@(x’t)> = Zvare Z |V7 O 0
= szmvv*re%m<o,o>>. (2.10)
¥ r
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Now the amplitude of transition in detecting the emerged flavor state |vz(z,t)) at

point (x,t), which is evolved from the state |v,(0,0)) is given by

Awa(00) sty = (a7, 1)|va(0,0))
= 3OS VLV (10,0 (0, 0))
¥ r

= ) VaVie?, (2.11)

where we have used |vg(z,t)) = > > V. Vie " |1,(0,0)) and (1,(0,0)|v4(0,0)) =
vy T

O

Therefore, the transition probability of initial flavor state v, to final flavor state

Vg 1s given as

2
Poosvs) = [Awa0.0)=vs)]

n n
= ) VaVie > Vi Vie ™
r=1 s=1

= zn: zn: Vo VI Vi Vi e (0s=0r), (2.12)

s=1 r=1

Now let us consider the term present in the exponential part, i.e., ¢, — ¢,, where

¢, = E,t — p,. - ©. Thus, one can write
¢s — & = (Es — E )t — (ps — D) - T. (2.13)

The energy of the neutrino can be written in a simple form as

m?2 m? m?
Er:\/p%+m%:pr 1+p_2:pr <1+2p2)2pr+2pr‘ (214>

As the speed of neutrino is close to speed of light, neutrinos are considered as

relativistic particles. Hence, the time (t) required by the neutrino to travel the
distance L, are equal. By assuming all the neutrinos have the momenta i.e.,
|p| = E, Eqn. (2.13) becomes

m? m?2 m2 — m? Am?2 L
—_ — _S J— —r L = —8 r L == —ST . 21
Oe O Kp T ) (p "o )} ( 2p ) 2F (2.15)
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The probability of neutrino oscillation v, — v in terms of L (oscillation length)

and E (energy of neutrino) as

Pyosvy)(LE) = ) Z Vor Vi Vs Ve ™
s=1 r=1
.Am%TL
_ Z Vo 2| Vs | + Z Ve Vi Vs Vet 2 (2.16)
r#£s
We know that
n 2 n n
S VeVl =3 WVar PV + Y Var V2V Vi, (2.17)
r=1 r=s r#S8
and by using the unitary relation
> VeV =bap (2.18)
the probability of transition P, .,)(L, ') becomes
mg,rL

P(ya—w[g)(L) E)

+,

Sap — Z Vo Vi Vs Vi + Z Var Vi Vi Vie

r#s r#s

5045 - {Z Varv* VBSVBT + Z Vf"svﬁ"“v* Vﬁs}

r<s r<s

n .Am2,.L
> VarVa Vi Vie o

r<s r<s

We know that for any complex number z, (z + 2*) = 2R(z) and (z — z*) = 23(2)

and using the Euler identity (¢* = cos ¢ + isin ¢), Eqn. (2.19) can be written as

P(Va—>y/3)(lﬁ E)

r<s

n Am2,
T A AR A } . (2.19)

Sop — 2 zn: R(Vor Vas Vi Vi) + 2 Z R (Var Vs V5, Vi) cos (A?—;L)
< r<s
+2 Z; (Var Vs V2 V) sin (A"Q’%L )
O — 2 XZ: R (VarVasVi Vi) < — cos (Agl—y))
+2 Z (Var ViV V) sin ( A?ETL) . (2.20)
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Therefore, final expression for the transition probability of neutrino oscillation can

be expressed as

- Am?2 L
2 : * * : 2 sr
P(l/a*)l/ﬁ) (L7 E) = (501/3 - 4 > %(Varvﬁsvocsv,@T) Sm ( 4E )
- Am?2 L
2 S(Vor Vs VIV ) sin | —=— ) . 2.21
+ E S(Var VsV Vs,) sin ( 5 ) ( )

r<s

If the PMNS mixing matrix V' is real, then one can notice from Eqn. (2.21) that

Plva—svs) = Plug—va)- (2.22)

In the case of survival probability,which means the probability of finding the orig-
inal flavor state (a = f3), the term (V,, Vo VA VE) = [Var|?|Vas|? becomes real and

as " ar

the last term in Eqn (2.21) becomes zero. Therefore, the survival probability is

expressed as

Pyposvo(L E) =1 =43 |Voy |*|[Vis|* sin® ( (2.23)

r>s

Am? L
4E )

Similarly, for anti-neutrinos, the oscillation probability can be obtained by replac-

ing V' with its complex conjugate V* which can be expressed as

Py (L E) = 5a5—4;%(vmvﬁsvasvﬁr)smz( o )
- Am? L
2> (Vi Vi VasVar) sin | — 2= ) . 2.24
+ SV Vi VasVs )sm( o ) ( )

r<s

If the mixing matrix V' is complex, it should be noted from Eqns. (2.21) and (2.24)
that

P(l_/a—)ﬁ[-g) # P(l/a—>l/5) ) (225>

which hints the possibility of CP-violation in neutrino sector.

CP violation can be established itself, if the probability of oscillation for (v, — v3)

is different from its CP conjugate process (7, — 7z) and the observable is

APCP = P(l,aﬁl,ﬁ) - P(,;aﬁ,yﬁ) 7é O, for (CY 7§ ﬁ) (2.26)
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From the above expressions for the oscillation probabilities, it should be observed
that for the possibility of neutrino oscillation to occur, some off-diagonal elements
of the matrix Vpynvs should be non-zero and the mass eigenstates must be non-
degenerate. If the neutrinos are massless, then Am? = 0 and the probability of
oscillation P, (L, E) = da3. This implies that observation of neutrino oscil-
lation provides the direct indication of non-zero mass of neutrinos. Nevertheless,
it can not give the absolute mass of neutrinos as the oscillation probabilities are
sensitive only to mass square differences Am?_. In the following subsections, we
will discuss the vacuum oscillations of neutrinos both in the case of two flavor and

three flavor neutrinos.

2.2.1 Two flavor oscillations in vacuum

Two neutrino framework (n = 2) gives a simple and profound introduction to
understand the phenomenon of neutrino oscillation. In fact many neutrino oscil-
lation experiments have used two flavor neutrino case to analyze the data and to
measure the oscillation parameters. Here we consider only two flavor eigenstates
v, and vg and the corresponding two mass eigenstates are denoted as vy and vs.
The mass and flavor states are related by a orthogonal 2 x 2 rotation matrix which

can be parametrised with a mixing angle ¢.

Therefore, the flavor and mass states can be related as

< Vg > _ < co§<b sin ¢ ) (1/1 > (2.27)
Vg —sing cos¢ Vo

In two flavor case, the oscillation probability is given by

. (Am3, L
P(l/a—ﬂlﬁ) = _4%(‘/&1‘/:2‘/52‘/51) S ( 4E2!1 >
Am3,L Am?2L
— dco dsin? bsi nl\ oy (2
cos” ¢ sin gzﬁsm( i sin” 2¢ sin 15 (2.28)

It should be noted that the above expression for transition probability is in natural

units, where (h = ¢ = 1). By reinserting the light velocity (¢) and the Plank’s
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constant (h), the phase part becomes

Am?L Am?Lc3
( 1E ) = <W) - (2.29)

If the mass square difference Am? is measured in eV?, energy of the neutrino (F)

in GeV, L in kilometer and by substituting the values of A and ¢, the phase part

Am?2Lc? Am?L
— ) =1(1.2 . 2.
( 4FEh ) ( 7 E ) (2.30)

Therefore, the probability of oscillation becomes

becomes

: : Am?L : . (7L
Py —svy) = sin® 2¢ sin (1.27 z ) = sin” 2¢ sin <Losc) : (2.31)
where B /Mev
e
Lowe = 248—1C% et 2.32
Am?/eV? e (2:32)

is the minimum length below which the oscillations does not develop. The survival

probability is given by

Puasve)y = 1= Py

Am2L
— 1 —sin?2¢sin (1.27 Tg ) (2.33)

From the above Eqns. (2.31) and (2.33), we can infer some note worthy points:

e The mixing angle ¢: The mixing angle ¢ gives how the mass eigenstates
are mixed in the flavor eigenstates. If the mixing angle ¢ =0, the flavor
eigenstates are identical to mass eigenstates, i.e., the probability of oscilla-
tion between flavor states is zero. Therefore, for the possibility of neutrino
oscillations the mixing angle ¢ should be non-zero (¢ # 0). If ¢ = 7/4, then
the probability of oscillation is maximal, i.e., if a neutrino of definite flavor
produced at source, it oscillates into different flavor during the propagation.
The oscillation amplitude depends on the mixing angle ¢ and it increases as

the value of sin? 2¢ increases.

e Mass square difference Am?: It is obvious that if the neutrino mass

square difference Am? = m2 — m? = 0, then the probability of oscillation
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FIGURE 2.1: The schematic representation of neutrino mass orderings.

is zero, which implies the existence of at least one of the mass eigenstate is
massive. Therefore, for the possibility of neutrino oscillations, the neutrino
mass eigenstates must be non-degenerate, i.e., (m; # msg). The mass square
splitting Am? can be measured by measuring the period of oscillation. The

frequency of oscillation is large for the larger values of Am?.

For three-flavor case (which will be discussed in the next section), the two
mass related experimental observables are: |Am3,|? (sign is not yet known)
and Am3, (positive and definite) can help to understand the ordering of neu-
trino masses. The knowledge on the sign of |Am3,| is essential to understand
the neutrino mass ordering, i.e., whether they follow normal or inverted or-
dering. For normal ordering Am2, > 0 or m; < my < mg, and for inverted
hierarchy Am32; < 0 or m3 < my < my, which can be pictorially represented

as in Fig. 2.1.

e L/E ratio: Neutrino oscillation probability changes with the ratio L/FE for
particular value of Am?. Generally experimentalists vary the L/F ratio to
study the phenomenon of neutrino oscillations. In solar neutrino experiments
L/FE is fixed by the nature. Any experiment that designed to observe the
neutrino oscillations, the oscillation probability should satisfy the condition

2
LopAm L

m
2
s

o —
= LB = S siam

(2.34)
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FIGURE 2.2: Logarithmic plot of Probability of oscillation P,,_,,,, as function of
% for sin? 2¢) = 0.83. The brackets represent following cases: (a) no oscillations
L« w35 (b) oscillations L~ w73 (c) average oscillations for L> i

L 4
i. If = < ——,1ie.,, L < L,: In this case the neutrino oscillations do not
E Am?

have time to develop oscillation.

L
ii. If = 2> ,

E ™~ Am?
tally observe the neutrino oscillation.

ie., L 2 Lys: It is the required condition to experimen-

L 4
iii. If => ——,ie., L > L,.: Here number of oscillations developed

E = Am?’
between source and detector is large. So here the oscillation experiments

measure only average transition probability.

e Types of experiments:

Neutrino oscillation experiments are classified into two categories:

(a) Appearance experiments: Appearance experiments measure the tran-
sition probability onﬁva for (v, — v3) oscillations in which the initial flavor

of neutrino after the oscillation changes into different flavor.

(b) Disappearance experiments: Disappearance experiments measure
the survival probability for (v, — v4) oscillation in which the initial flavor

of the neutrino before and after the oscillation remains the same.
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FIGURE 2.3: The transition probability (solid line) and the survival probabil-
ity (dashed line) as a function of baseline L along with oscillation parameters
sin?2¢ = 0.8, Am? =3 x 1073 eV?, and the energy E=1 GeV.

The variation of transition probability with the baseline length (L) is depicted in
Figure 2.3 for a representative set of values of neutrino oscillation parameters. It
is obvious from the figure that at the source i.e., L = 0, only one particular flavor
of neutrino say v, exists and as the neutrino propagates towards the detector, the
oscillation probability increase and at one point the probability becomes maximum
ie., 0.8 (for (1.27Am?L/E) = n/2 with L= 400 km). At this point, 80% of v,
neutrinos converted into vz. As L increase further, the probability of oscillation

decreases and at around L= 800 km, all the neutrinos oscillate into v,.

2.2.2 Three Flavor Neutrino Oscillation in Vacuum

In Standard Model physics there are three neutrino flavors v., v, and v;. In the
case of three flavor neutrino mixing (n = 3), the lepton mixing matrix V' is a
3 x 3 unitary matrix with complex elements known as Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix [22]. The three flavor mixing of neutrinos is given by

Ve Vet Vea Ves n
VN - VM1 VMQ V'ug Uy . (235)
Vr Vi Via Vs Vs

The unitarity of the matrix contains 9 independent parameters, out of which three

are mixing angles and six are relative phases between the three neutrinos and three
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charged leptons. Among the six phases, five phases can be absorbed by the six
fields (3 neutrino fields and 3 charged lepton fields). Therefore, the Vpysng matrix
for three flavor neutrino can be parametrized with four parameters, i.e., (three
mixing angles 613, 012, 023 and one Dirac phase dcp).

In the standard parametrization [23], Vpyns can be expressed as the product of
three rotation matrices contains mixing angles between the mass eigenstates and

complex phase factor (e=%cP) as

VPMNS = R23(923)R13<91375)R12(912>

1 0 0 C13 0 5136_15013 C12 S12
- O Ca3 S923 0 1 0 —S12 C12

0 —S893 Co3 —Slgeuscp 0 C13 0 0

—is
C12C13 $12€13 S13€” 0P
_ 30, 0,
= —512C23 — C12513523€"°CF C12C23 — S12513823€"°CF C13593 ’
dop dcp

5125823 — 012813023€i —C12523 — 812513023€i C13C23

where cos 8;; = ¢;; and sin 0;; = s;;. If neutrinos are Majorana particles, then a di-
agonal matrix containing two Majorana phases p, o is required in the parametriza-
tion i.e., P, = diag(e'”, e, 1). The first rotation matrix Rg3(fa3) measures the
effects of atmospheric neutrino oscillation. The third rotation matrix Ry2(6;2)
measures the effects of solar neutrino oscillation. The middle matrix Ry3(60;3,0cp)
has the reactor mixing angle ¢,3 and Dirac CP phase dcp, the determination of

which is one of the main goal of the current and future neutrino oscillation exper-

iments.

In three flavor neutrino oscillation framework, there are three mass squared differ-
ences i.e, Am3;, Am32,, Am3,. In general Am3, = Am3, and we identify Am3, is
responsible for atmospheric oscillations (|Am3,| &~ |Am3,| ~ |Am?2, |) and Am3,

atm

accounts for solar neutrino oscillations (Am3; = Am? ). The sign of Am?2,,, gives

the neutrino mass ordering or hierarchy either normal or inverted hierarchy.

There are three physical neutrinos, three mass eigenstates and so there will be

two independent mass squared differences, for which

Ami, + Ams, + Amy, = 0. (2.37)

(2.36)
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The general formula for oscillation probability in case of three flavor neutrino
framework is quite complex. Therefore, by making some assumption that is
AmZ, = Am?, is small and considering the CP violating phase dcp = 0, the

oscillation probability for the transition (v, — vg) is given by

E

1.27Am2, L
E
1.27Am§1L>

- 1.27Am2 L
P(VQHVB) = —42%(‘/@76‘/:38‘/&5‘/5,1) Sin2 (¢)

r<s

= —4(V1 Vi1 Vaa Vo) sin? <

E
1.27Am2,L
= .

—4(Va1 VBl Va3Vg3) Sin2 (

—4(VQQV52VO[3V133) Sin2 ( (238)

1.27Am?% L

1, impli
E ><< , Implies

For the experiments in which (

1.27Am? L
sin? (Tm) 0. (2.39)

In addition, using Am3; = Am3,, Eqn (2.38) becomes

(2.40)

. 1.27Am2,L
P(l/a—ﬂjg) =4 |:Va1V31VQQVﬁ2 -+ Vagv/ggvagvﬁg} 31112 <$> )

E

By substituting the elements of PMNS matrix, the probabilities for specific tran-

sitions are given by

1.27Am2. L

Po,svy = sin? 263 cos? 65 sin? (%) , (2.41)
1.27TAm2. L

Plysu,) = sin® 20,5 sin? fyg sin’ (%) , (2.42)
1.27Am2.L

P(Ve—H/T) = SiIl2 2913 COS2 923 sin2 (%) . (243)

The three flavor neutrino framework is the most successful theoretical model that

can accommodate the current oscillation data.



Chapter 2 Neutrino Oscillations 26

Ve e
Ve, Vs Vr Ve, Uy, Vr

- v, e ,p,n e, p,n

FIGURE 2.4: Feynman diagram for the coherent forward elastic scattering which
generate the CC interaction potential through W exchange and NC interaction
potential through Z exchange.

2.3 Neutrino oscillation in matter

The oscillations of neutrinos from one particular flavor to another flavor, when
propagating through matter with varying density is known as matter effect or
Mikheev-Smirnov-Wolfenstein (MSW) effect [24, 25], which explains the flavor
changing of solar neutrinos as they propagate out of the sun. When neutrinos
propagating through vacuum, they are not bounded by any type of potential, i.e.,
behave like free particles. But when the neutrinos propagating through matter,
they are subjected to the interaction potential due to the coherent forward elastic

scattering of neutrinos with electrons, protons, neutrons present in the matter.

If an electron neutrino (v,) propagating through matter, it can have both Neutral
Current (NC) and Charged Current (CC) interactions with the electrons present in
the matter. While the other type of neutrinos e.g., (v,, ;) can have only Neutral
Current (NC) interactions. The Feynman diagrams for NC and CC scatterings

are shown in figure 2.4.

The oscillation probability in matter does not get effected due to the NC contri-
butions but the CC contributions which comes only with v,, affect the oscillation
probability. As a result the probability of oscillation in matter can be rather dif-
ferent than vacuum. Depending on the variation of electron density in matter,
the interaction potential can be constant or it may vary, for example the electron
density varies inside the sun. In this section, we focus on the oscillation of neutri-
nos in matter with constant electron density both in two and three flavor neutrino

case.
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2.3.1 Two flavor oscillations in matter

Here we consider two flavor neutrino oscillations in matter. The time-dependent

Schrodinger equation for mass eigenstates of neutrinos in vacuum is given by

. d 14! 4
a()n(2), "

with Hamiltonian in vacuum is represented as

o L m? 0
2E 0 m3 .

The flavor and mass eigensates of neutrinos are related by

(V“>:U<V1), (2.45)
Vg Vo

where the mixing matrix U is given as

Uz( cos¢p  sing )
—sing cos ¢

From Eqn. (2.45), one can write the mass states in terms of flavor states as

(2)-(2)

Thus, the time evolution equation (2.44) becomes

ol () Zgot [ ). (2.46)

Therefore, the time evolution equation in flavor states is given by

L) Zpmet [ ) (2.47)
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Hence, the Hamiltonian for the flavor states H; is given by

Hy = UHU!
cos¢  sin¢ 1 m? 0 cos¢ —sing
N ( —sing cos¢ > <ﬁ> ( 0 m%) ( sin ¢ cos ¢ )
_ (m%—i—m%)l_i_ (Am2> < —cos2¢  sin2¢ )
AE 4 sin 2¢ cos 2¢
Am? — cos 2 sin 2
= Hot ( 4F ) ( Sin2¢¢ cosjqﬁ ) ’ (2:48)

where Hy = (m? + m3)/4E and Am? = m3 —m?.

Thus, Eqn. (2.47) becomes

d [ va Am? —cos2¢  sin2¢ Vo
Z%(Vﬁ>_ H0+(4E) ( sin 2¢ cos 2¢ )] (1/5). (2:49)

In the two flavor framework, the time evolution of neutrino flavor states in the

presence of matter potential (V’ # 0) with constant density is given by

d Va Va
i — I, : 2.50
o < " ) ff < " > (2.50)

where effective Hamiltonian H.rr = (Hy + V').

During the propagation through matter, the electron neutrinos v,’s undergo both
Neutral and Charged current interactions with the particles in the matter. But
the muon and tau neutrinos (v,, v;) undergo only Neutral current interactions.
Hence v, state experiences the interaction potential V! is different from the inter-
action potential (V) experienced by the state vg. Thus, one can write explicitly
Eqn. (2.50) as

m? Am?

a (v —(A4E )coquﬁ—i—Voﬁ < 1B )sin2gz§ ”
1— = H0+ Amg Amg . (251)
( 1E )sin2¢ ( 15 )COSZQH—Vé Vg
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As the addition of the constant Vj does not affect the oscillation probability, the

above equation can be rewritten as

2

Am ) (Am2) _
— cos2¢ + AV sin 2¢
.d(ua>: . (4E 2 1E (1@)7(2‘52)

/I/_
dt Vs Am . Am v
< 1B ) sin 2¢ (—4E cos 2¢

where AV = (V; — Vj).
If « = e, then AV has the form
AV = (V! = V}) = 2V2GFN.E, (2.53)

where G denotes the Fermi coupling constant, /N, denotes the electron number
density in matter and FE is the energy of the neutrinos.

The time evolution of mass eigenstates in presence of matter is given by

d d o
i) =St T, (2.54)
dt \ b, TR

which can be simplified as

zi ( 1/1> _ ut _H0+< — (Am?/4E) cos2¢ + AV (Am?/4F) sin 2¢ >_ (Va)

dt \ v, (Am?/4E) sin 2¢ (Am?/4E) cos 2¢ Vg
_ _Ho N ( — (Am?/4E) cos2¢ + AV (Am?/4F) sin 2¢ >_ I ( 2 )
I (Am?/4AE) sin 2¢ (Am?/4E) cos2¢ | | Vo
1 (m?+ AVcos’¢p AV cosgsing 2
- | = . . . (2.55)
2E \ AV cosgsing m3+ AVsin? ¢ Vo

The above matter Hamiltonian in mass states has non-diagonal terms which means
the mass eigenstates in matter are different from mass eigenstates in vacuum. We
have to diagonalise the Hamiltonian matrix to obtain the mass eigenstates in

matter (V1,,, Vo) and the mass eigenvalues (m?,, m3 ). Then

[H,, — M| =0,
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which can be explicitly written as

m2 + AV cos? ¢ — A AV cos ¢psin ¢

— 0. (2.56)
AV cos ¢ sin ¢ m2 + AV sin? ¢ — A

By solving the above equation, we can get

1
Ao =2

Q(Av+mﬂwﬁ)

+ \/AV + (m2+m2)° —4 (m%m% + AV (m3 sin® ¢ + m} cos? ¢)2>] :

which after simplification becomes

Mg = % {AV + (mi+m3) £ \/(AmQ)2 sin 2¢ + (AV — Am? cos 2¢)2} '

2 2

Then the modified mass eigenvalues m7,,, ms3,, can be expressed as

1
mgm,lm 9 [AV + (m} +m3) £ \/(Am2)2 sin? 2¢ + (AV — Am?2 cos 2@5)2} :

and hence, the modified mass squared difference in matter is given by

Am? =m3, —mi, = \/(Am2)2 sin?2¢ + (AV — Am?2 cos 2¢)°

A 2
= AmQ\/(ATZ2 — oS 2¢) + sin? 2¢. (2.57)

Thus, the diagonalised form of Hamiltonian can be expressed as

: 1 m? 0
Ho= (=] " 2.
" (QE) ( 0 m%m) (2:58)

Now let us consider a mixing matrix U, which connects the flavor states (v,, vp)
and the mass eigenstates (v1,,, Vo) in matter through a mixing angle (¢,,), where
U,, has the form

COS ¢y, SIN Oy,

Uy = ( ' ) . (2.59)
—sin ¢, €os @,
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Then the modified Hamiltonian in matter for flavor state is given by

HI = U,H.U

_ (m2  + m%m)l N Am?2, [ —cos2¢,, sin2¢,, . (2.60)
4F 4FE sin2¢,,  cos2¢,,

By comparing the above Hamiltonian H/ with the Hamiltonian in equation (2.48),
one can obtain

Am?, sin 2¢,, = Am?sin 2¢ . (2.61)

With the substitution of Am? from (2.57), one can obtain the mixing angle in
matter as

$in 26, = sin 2¢ . (2.62)

2
\/(AAVQ — COs 2¢> + sin? 2¢
m

Then the probability of oscillation in matter in terms of mass eigenvalues and

mixing angle is given by

1.27Am2 L
P (Ve — v5) = sin® 26, sin® (%) : (2.63)
and the survival probability is
P(vy = Vo) =1 — Pp(vy — vp). (2.64)

The oscillation length in matter is given by

E
b = 2as(5E)
L in 2
_ 0 - (S”,l ¢m) Lo. (2.65)
AV 2 sin 2¢
(Am2 — cos 2¢> + sin? 2¢

From the above set of equations, one can infer the following points due to the

matter effect on neutrino oscillations:

o If AV — 0 then m?,, ,,, — mi,, Am2 — Am? and sin®2¢,, = sin®2¢ i,

the vacuum oscillation parameters remain unaffected.
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o If sin?2¢ = 0 = sin®2¢,, = 0, i.e., there is no oscillations in matter, which
implies that neutrino oscillations in matter is possible only if there exists

vacuum mixing.

o If AV — oo, then sin?2¢,, — 0, i.e., neutrino oscillations are not possible

in matter with very high density.

o If cos2¢ = (AV/Am?), then sin® 2¢,, = 1, which means the mixing angle in
matter (¢,,) is maximal. Therefore, regardless of the mixing angle value in
vacuum (¢), the probability of oscillation is enhanced significantly, which is

known as MSW Resonance.

e The values of sin? 2¢,,,, Am?2, depend on the sign of Am?. If Am? — —Am?,
then mixing angle in matter (¢,,) and Am?2, would change, which is not
possible in the case of vacuum oscillations. Therefore, matter effect plays

important role in the evolution of neutrino mass squared differences.

2.4 Current status of neutrino mixing parame-

ters

Here we discuss the present status of neutrino mixing parameters in the three flavor
neutrino framework. The mixing parameters that represent the neutrino mass
matrix are: three mixing angles (612, 03, 613) and three CP-violating phases (one
Dirac, and two Majorana) and three neutrino masses. These mixing parameters

are classified into three sectors.

e Solar neutrino sector (015, Am3,):

Solar neutrino experiments are paramount to determine the solar mass squared
difference (Am2,) and solar mixing angle (sin?26;5) of Vpyrng matrix, rep-
resenting the neutrino oscillation in solar neutrino sector. Solar neutrinos
are coming from the Sun and propagate through matter with varying den-

sity. Solar mixing parameters (sin? 2015, Am2,) are determined by the solar
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neutrino experiments (SNO, Canada, Super-Kamiokande, Japan) and the
reactor experiment KAMLAND. Solar neutrino experiments measure the
electron neutrino (v,) survival probability, whereas the reactor experiments
measure the electron anti-neutrino (7,) survival probability.

The survival probability in two flavor case is given by

L
P(v. — v.) = 1 — sin® 20, sin® <1.27AméE) . (2.66)

e Atmospheric neutrino sector (623, Am3;, = Am3,):

The atmospheric mixing angle (6,3) and the atmospheric mass squared dif-
ference (Ams3,) are constrained by the atmospheric neutrino experiments like

K2K, MINOS which measure the muon-neutrino (1) survival probability,

L
P(v, — v,) = 1 — sin® 204, sin” (1.27Amitmﬁ) : (2.67)

e Reactor neutrino sector (f;3):

The reactor neutrino experiments measure the 7, survival probability to de-
termine the reactor mixing angle (6;3) and the survival probability is given
by

L
P(7, — 7.) = 1 — sin® 20,3 sin’ (1.27Amztmi> : (2.68)

Initially the reactor neutrino experiments did not detect any type of oscillation
i.e, f13 = 0. But the recent data from T2K [26], MINOS [27], Double Chooz [28],
Daya Bay [29] and RENO [30] experiments measured the non vanishing reactor

mixing angle i.e, 613 # 0.

The present data from various neutrino oscillation experiments and their global
analysis done by several groups [31-33], and it has been inferred that three neutrino
framework is sufficient to explain the observed neutrino oscillation phenomenol-
ogy. The current global fit values of neutrino oscillation parameters from [31] are
given in the Table 2.1.

Neutrino oscillation experiments measured the oscillation parameters with great
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Mixing Parameters Best Fit value 30 Range
sin? 09 0.323 0.278 — 0.375
sin? A3 (NH) 0.567 0.392 — 0.643
sin® B3 (IH) 0.573 0.403 — 0.640
sin” 6,5 (NH) 0.0234 0.0177 — 0.0294
sin® 013 (IH) 0.0240 0.0183 — 0.0297
Am2, /1075 eV? 7.6 7.11 — 8.18
|Ama; |2/1073 eV? (NH) 2.48 2.30 — 2.65
|Amg|?/1073 eV? (TH) 2.38 2.20 — 2.54

TABLE 2.1: The current best-fit values with their 30 ranges of neutrino oscil-
lation parameters.

accuracy except the sign of [Am2,|, which is very essential to understand the neu-
trino mass hierarchy, i.e., for normal hierarchy (Am32, > 0, m? < m3 < m3), and

for inverted hierarchy (Am2, < 0, m3 < m2 < m?

), the Octant of atmospheric
mixing angle fa3, i.e., lower octant (fo3 < 7/4) or higher octant (fe3 > m/4),
CP violating phase dcp, absolute mass of neutrino and the nature of neutrinos
(Dirac or Majorana). The determination of these unknown oscillation parameters
which play important role in mass model building are the challenging goals for the

current and upcoming neutrino oscillation experiments.



Chapter 3

Neutrino Mass - Mechanisms and
Models

3.1 Neutrino mass models

Neutrino mass has become the major inspiration for both theoretical and exper-
imental investigation in neutrino sector. Neutrinos are massless particles in the
SM, which is constructed based on the gauge group SU(3)c x SU(2), x U(1)y, as
there are no right-handed neutrinos present in the SM. If the SM is enriched with
three right-handed neutrinos, then the standard Higgs mechanism can generate
the mass terms for neutrinos similar to the mass generation of other fermions.
However, this extension can not give the explanation for the smallness of neutrino
mass in comparision with other SM particles. Alternatively, this small mass can
be incorporated in different realizations of seesaw, i.e., Type-I [34, 35], Type-II
(36, 37], and Type-III [38] etc.

3.2 See-saw mechanism

See-saw mechanism is remarkably successful and elegant way to describe the small-
ness of neutrino mass. There are three different realizations at tree level for the
seesaw mechanism. The existence of three different mechanisms of seesaw can be
explained in the basis that two doublets can be decomposed into a singlet and a
triplet (22 = 1@ 3). Then the SM Higgs and left handed leptons can be coupled

35
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FI1GURE 3.1: Different realizations of seesaw at tree level.

to a singlet and a triplet. The three different realizations of seesaw mechanism are
pictorially illustrated in figure 3.1. In the figure ¢ is the Higgs filed and L is the
left-handed lepton doublet with SM neutrinos and N, A, ¥ are the correspond-
ing heavy mediators and the coupling constant similar to Yukawa couplings in the
SM is generally denoted by Y.

3.2.1 Type-I See-saw mechanism

In Type-I seesaw [34, 35], a right-handed neutrino Ny is introduced per generation
of fermions in the SM. The right-handed neutrinos are assumed to be Majorana
particles, electrically neutral and they are singlets under SU(2)y, like the other
right-handed fermions. In principle, right-handed neutrinos are allowed by the
quark-lepton symmetries of the SM. Then from Gell-Mann Nishijima formula, the
electric charge () = I3 + Y/2, one can say that right-handed neutrinos have zero

hypercharge (Y = 0). The leptonic sector in the SM in the presence of right-

< = ) y VR, €ER. (31)
€L

The gauge invariant Yukawa interaction with right-handed neutrinos is given by

handed neutrinos is

£y = — Z YVKZ/ZKLI:{N@R + h.C., (32)

o0

where Y}, are the new coupling constants and L,z are the lepton doublets. This
Yukawa interaction introduces Dirac type mass through Higgs mechanism for neu-
trinos. Since Nyg’s are singlets under SU(2);, x U(1)y, then the bare mass term
is L T

— Lyare = 3 MZ% My NepNer + hec., (3.3)
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where Ny is the conjugate of Nyr. By using the following identity

~

VirNer = Noryr, (3.4)

one can write the mass terms of neutrinos in the Majorana basis as

1 = 0 Mp UR
Lonass = —=(Ur, N + h.c.. 3.5
(0 () o

For N generations, B and Mp are N x N matrices and vy, Ngp are N-element
column matrices. Upon diagonalizing the mass matrix M,,, which decouples the
light and heavy neutrino mass terms, one can obtain 2N Majorana fermions per

generation, and the corresponding mass matrix can be expressed as

0 M
M, = Do) (3.6)
MZ B
for single generation case (N = 1). The mass matrix M, is 2 X 2 and can be
written as
0 M
M, = P, (3.7)
Mp B

Thus, for one generation (N = 1), Mp and B are simply numbers, i.e., Mp, and
B are real and if we assume B > 0, then the diagonalization of the mass matrix

M, is given by the orthogonal transformation
M, = O0M,0". (3.8)

The orthogonal matrix O can be expressed as

0— ( cosp  singp >’ (3.9)

—sinp cosep

with

2M
tan 2p = TD' (3.10)

Then the diagonal matrix M, become

/ - 0
M, = OM,0T = ( m ) . (3.11)

0 Mo
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One can get the eigenvalues of the matrix as

1] 7/

In the seesaw mechanism, Mp, is taken in the order of electroweak scale and right-
handed neutrino fields are massive. Hence under the limit B > Mp, known as

seesaw limit, the eigenvalues become

—M?
my = Miight = TD» (3-13)
My = Mpeavy = B. (3.14)

The negative sign in the light neutrino mass (m;) can be removed by using the
transformation

e (M3
K MVK:dlag ?,B y (3].5)

where K = diag(i, 1).

Then for single generation, the two eigenstates are expressed as

ny = icosp(vy — g) —isinp(N, — Ng),
ny, = sing(vy + vg) + cos (N, — Ng). (3.16)
Since ny = ny and ny = —ne, Ny, ne are Majorana particles.

Since B > Mp, one can notice from Eqn. (3.13), that m; < Mp, i.e, the light
neutrino mass (my) is lighter than the mass of charged fermions and the other neu-
trino mass (ms2) is nearly equal to B, which is larger than the masses of charged
fermions. Thus, making of one particle light at the expense of making other par-
ticle heavy is known as see-saw mechanism. Therefore, in Type-I seesaw, the
smallness of light neutrino mass is ensured by the presence of heavy right-handed

neutrino.

For three generations (N = 3) seesaw, the mass matrix M, Eqn. (3.6) will be
6 x 6 and each element is a 3 x 3 matrix. The matrix M, can be block diagonal-

ized by using the transformation

e’'M,e =M, , (3.17)
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where unitary matrix © (upto second order in p) is given by

1 eet p
O = ( T2 L ot ) (3.18)
-P -2

with p = % < 1. The block diagonalization of M, gives the mass of light
neutrinos as
Miight = —MSB_IMD, (3.19)

and the heavy mass matrix
Mpequy = B. (3.20)

The diagonalization of Mg, gives the light neutrino mass and the mass eigen-
states. Similarly the diagonalization of B gives the heavy neutrino mass and the
mass states. But in this case (IV = 3), the diagonalization can be done in two

ways starting with flavor basis and end up in the mass basis.

Therefore, flavor and mass eigenstates of neutrinos are related by
Vg = U,/Vk + pUNNk s (321)

Ny~ —p'U, + Uy Ny, , (3.22)

where Uy (Uy)diagonalize the light (heavy) neutrino mass matrix. vy, v, are the

column matrices contains flavor and mass eigenstates of light neutrinos

Ve
Vi = I/H s
Vr

151
Vg = vy

U3

Similarly Ny, Nj are the column matrices contains flavor and mass eigen states of

heavy neutrinos.
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3.2.2 Type-II see-saw mechanism

In Type-IT seesaw [36, 37], the SM Lagrangian is expanded solely by a SU(2).
scalar triplet A with hypercharge Y = —2. The mass of neutrinos may be obtained
through the VEV of neutral Higgs in a isospin triplet depiction. The smallness

of triplet VEV of the order less than a GeV assures the smallness of neutrino mass.

The relevant Yukawa interaction term beyond the SM is given by

= 1
Ly =y Ler 5T ALy, +he, (3.23)
él’gl/

where 7 represents the Pauli matrices and 7- A is the 2-dimensional representation

of A given by

LA+ AT
T-A:( ﬂAO _1A+). (3.24)
V2

As (A% = \%UA, then the Yukawa interaction term (Eqn.3.23) generates the
Majorana mass
Linass = Z@/Lm;/gu vy, +hee., (3.25)
o
where

v ol UA
melgu = yélg//ﬁ. (326)

With the normal SM Higgs doublet ¢, the Higgs triplet scalar potential of this
model is given by [39]

Vig,A) = — ¢l +midTr ((T AT A) + (MBT (r- Ao+ h.c.)
— A (¢T¢)2 + )\f [Tr ((‘r . A)f‘r . A)}2 + )\QA [Tr ((‘r . A)T‘r . A)}z
+ APROTOTr (1 A)r - A) + X200 (T A) (T A)fg (3.27)

The triplet VEV (va) can be obtained from the minimization of the potential

V(p,A), is given by
2
HAU
& V2m3 (3.28)

where v denotes the SM Higgs VEV.

The Higgs triplet VEV v varies inversely with the square of its mass ma and
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the above relation leads to the smallness of va. However in Type-II seesaw Higgs

triplets would be heavy to be observed experimentally.

3.2.3 Type-11I seesaw

In Type-III seesaw [38], fermion triplet with hypercharge (Y') zero is added to SM
particle content. To explain Type-III seesaw, minimum two fermion triplets are

required. With the addition of fermion triplet, the Lagrangian is given by

1 o ~——
£ = —5Tr [EMsX] - $'TV2YsL + he, (3.29)
where
DL
T ( \/é - ) ‘ (3.30)
Z W

Below the electroweak scale, the mass term is given by

30 _
Loass = =0 | —=Ysvr + X7 Yslr +he |. 3.31
(\/5 sVL SlL ) ( )

Hence, neutrino mass term can be written as

1 —0c 0 2Y5 ¢
Loass = =5 (70 =) VIR (V) ()
2 V2YTu My 30

For My, > v, the above equation gives light neutrino mass as
m, = Yy Mg 'Ysv?, (3.33)

similar to Type-I seesaw formula. Hence, in Type-III seesaw the smallness of ratio
of Dirac type mass to Majorana type mass ensures tiny mass for active neutrinos

as in Type-I seesaw framework.

3.3 Neutrino mixing models

All types of seesaw mechanism predicted that neutrinos are Majorana type and
hence, the mass matrix is symmetric with N(N + 1) parameters. In case of SM

symmetry, which governs the interactions between the elementary particles, the
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parameters in the matrix are independent of each other. But if there exists flavor
symmetry between the generations, the number of free parameters are reduced.
The neutrino mixing patterns obtained from the experiments support the flavor
symmetry because the mixing patterns are close to standard mixing patterns, such
as TBM, BM, DC etc., which can be obtained if there exists flavor symmetry such

as Ay, Sy, between the generations.

3.3.1 Bimaximal mixing pattern

In Bi-maximal mixing [40-44], the neutrino mixing matrix assumes atmospheric
and solar neutrinos are maximally mixed in vacuum. This pattern implies CP con-
servation, which in turn hints there is no disappearance of atmospheric neutrinos
Ve.

Assuming solar neutrinos (v,) maximally oscillates into equal numbers of v,’s and
v;’s in vacuum and the unitarity conditions can be applied to procure the complete

mixing pattern in three flavor, which is given as

Upn = (3.34)

= l\’)!»—l El’_l
o G-
SRk o

N =

Bimaximal mixing is one of the popular mixing patterns of interest till date. How-
ever, the present updated oscillation data from various oscillation experiments
indicate that the BM pattern has to be modified to accommodate the current

results.

3.3.2 Tri-Bimaximal mixing pattern (TBM)

Tribimaximal mixing matrix [45-53], is one of the special neutrino mixing patterns,
which is suggested to account for wide range of experimental data. TBM is con-

sidered as specific case of Alterelli-Feruglio scheme [54, 55] of discrete flavor model.

Results from numerous atmospheric neutrino experiments like Super-Kamiokande
[56], strongly suggest the 2-fold maximal mixing of v, — v,, i.e |U,s* = 1, which
is in aggrement with the results of intermediate baseline experiments like CHOOZ
57, 58], PALOVERDE [59]. They give |Ues|* < 0.03 at 95%CL which indicates
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Ues = 0 and hence consistent with the 2-fold maximal mixing of v, — v;. In
addition, solar neutrino experiments like SNO [60], HOMESTAKE etc. obtained

Uea|* ~ %, which is regarded as an adequate illustration of the solar neutrino data.

Thus, in conclusion, the combined data from neutrino oscillations suggest that
there is an effective bimaximal mixing between v, — v, and an effective trimaxi-
mal mixing of v, with v, and v, at the atmospheric and solar scale respectively

suggests the tri-bimaximal mixing matrix with the form

UTBM = — (335)

Sk o
S s
S

-

3.3.3 Democratic mixing pattern

Democratic (DC) mixing pattern [61-63], is a three flavor framework constructed
the under an assumption that the neutrinos are nearly degenerate in mass, at-
mospheric and solar mixing angles are nearly maximal. This ansatz is also ac-
commodated with cosmological requirement for hot dark matter and the recent
neutrinoless double beta decay data at the time of its proposal. The form of the

mixing matrix is

1 1 0
V2 V2
— 1 1 2
1 1 1
VB VBB

DC pattern is one of the well motivated candidate for the texture of charged lepton
and quark mass matrices, since it explains why the first two generation particle

are lighter than third generation.

After having the idea about various neutrino mass mechanisms and models, we
now proceed to discuss the implications of tri-bimaximal neutrino mixing pattern

on neutrino phenomenology.






Chapter 4

Charged lepton correction to
tribimaximal lepton mixing and
its implications to neutrino

phenomenology

4.1 Introduction

It is now firmly established from the results of various neutrino oscillation exper-
iments that neutrinos oscillate from one flavour to other as they propagate. Such
change in neutrino flavour or neutrino oscillation is possible, only if they tiny
but finite nonzero mass. This in turn implies that analogous to the mixing in the
down-quark sector, the three flavor eigenstates of neutrinos (v, v,, v,) are related

to the corresponding mass eigenstates (vy, s, v3) by the unitary transformation

Ve Ver Vo Ves 4!
v, = V,u,l V,LLQ V,u3 V2 ) (41)
Vr Vii Vo Vi3 V3

where V' is the 3 x 3 unitary PMNS matrix, which contains three mixing angles and
three CP violating phases (one Dirac type and two Majorana type). In the stan-

dard parametrization [23], Vpyns is expressed in terms of the solar, atmospheric

45
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and reactor mixing angles 6,,, 0,5, 0,5 and three CP-violating phases dcp, p, o as

C12C13 S12C13 G
Venns = —S19Ca3 — C12813503€" " C1aCo3 — 519813893 °F C13523 b,
S12523 — 612=5’13C2:3€i(SCP —Ci2823 — 512*'313023.&SCP C13C23
= Upunsh, , (4.2)

where ¢;; = cos;;, s;; = sinf,; and P, = {€', €', 1} is a diagonal matrix with CP
violating Majorana phases p and o. It should be noted that the mixing matrix
Upnns describes the mixing of Dirac type neutrinos, similar to the CKM matrix
of quark sector. The neutrino oscillation data from various experiments allow us
to determine mixing parameters related to the solar and atmospheric neutrinos,
with very high precision. In recent past, the value of the reactor mixing angle 63
has been measured by the Daya Bay [29] and RENO Collaborations [30] with the

best fit (1o) result as

sin?26;3 = 0.089 + 0.010(stat) 4 0.005(syst),  Daya Bay
sin?20;; = 0.113 £ 0.013(stat) £ 0.019(syst). RENO (4.3)

which is equivalent to #1353 ~ 8.8° + 0.8°. It is further supported by the recent
data from T2K [64] and NOvA [65] experiments. The global analysis of the recent
results of various neutrino oscillation experiments has been performed by several
groups [31-33], and the parameters which are used in this analysis are taken from
Ref. [31], are presented in Table-2.1.

The observation of the reactor mixing angle 6,3 has ignited a lot of interest to
understand the mixing pattern in the lepton sector [66-78]. Furthermore, it also
opens up promising perspectives for the observation of CP violation in the lepton
sector. The precise determination of 6,3 in addition to providing a complete picture
of neutrino mixing pattern, could be a signal of underlying physics responsible for
lepton mixing and for the physics beyond standard model. It has been shown
that if one includes some perturbative corrections to the leading order neutrino
mixing patterns, such as bi-maximal (BM) [40-44], tri-bimaximal (TBM) [45-53]
and democratic (DC) [61-63], it is possible to explain the observed neutrino mixing
angles [79-82]. However, it should be noted that among these leading order mixing

patterns i.e., BM, TBM and DC, the tri-bimaximal pattern, whose explicit form
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as given below

2 1
\/; 5 0
Urpm = —\/g 3 \/g ; (4.4)
—. /1 L /1
6 3 2

is particularly very interesting. It corresponds to the three mixing angles of the
standard parametrization as 6, = arctan(l/\/ﬁ) ~ 35.3°, 613 = 0° and Oy =
45°. Clearly, to accommodate the large value of #,3, one has to consider possible
perturbations to the TBM mixing matrix. In this chapter [83], we would like
to study the possible corrections arising from the charged lepton sector. The
essential features of our analysis are as follows. We assume the charged lepton
mixing matrix to be of the same form as the CKM quark mixing matrix and the
neutrino mixing matrix to be of the tri-bimaximal form. Furthermore, we use the
Wolfenstein-like parametrization for the charged lepton mixing matrix and study
its implications on various phenomenological observables. It should be noted that
there have been several attempts made recently to understand the nonzero 6,3 due
to charged lepton correction [72, 84-90] and in the past also corrections to the

leptonic mixing matrix due to charged leptons were considered in Ref. [91-95].

The chapter is organized as follows. The methodology of our analysis is presented

in Section-4.2 and the Results and Conclusion are discussed in Section 4.3 .

4.2 Methodology

It is well known that the leptonic mixing matrix arises from the overlapping of the

matrices that diagonalize charged lepton and neutrino mass matrices
Upains = UJU, . (4.5)

Here we are focussing only the component of the mixing matrix which describes the
mixing of Dirac type neutrinos. For the study of leptonic mixing it is generally
assumed that the charged lepton mixing matrix as an identity matrix and the
neutrino mixing matrix U, has a specific form dictated by a symmetry which
fixes the values of the three mixing angles in U,. The small deviations of the

mixing angles from those measured in the PMNS matrix, are considered, in general,
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as perturbative corrections arising from symmetry breaking effects. A variety
symmetry forms of U, have been explored in the literature e.g., BM/TBM/DC
and so on. In this work we will consider the situation wherein the neutrino mixing

matrix is described by the TBM matrix, i.e.,
U, =Ursm , (4.6)

and that the mixing angles induced by the charged leptons can be considered as
corrections. Furthermore, we will neglect possible corrections to Urgy from higher
dimensional operators and from renormalization group effects. In this approxima-
tion we will derive formulae which allow us to include corrections to neutrino

mixing angles and to constrain the CP violating phase (dcp) conveniently.

In our study, we use a simple ansatz for the charged lepton mixing matrix U, i.e.,
we assume that U; has the same structure as the CKM matrix connecting the weak
eigenstates of the down type quarks to the corresponding mass eigenstates. This
approximation is quite reasonable as we know that the CKM matrix is almost di-
agonal with the off diagonal elements strongly suppressed by the small expansion
parameter A = sinf¢o (f¢, being the Cabibbo angle). Hence, such an assumption
can naturally provide the small perturbations to the tri-bimaximal mixing pattern
for neutrino mixing matrix. Furthermore, as discussed in Ref. [96], this approxi-
mation is quite acceptable as the mass spectrum of charged leptons exhibits similar
hierarchical structure as the down type quarks, i.e., (m.,m,) ~ (A\>, \*)m, and
(mg, ms) &~ (A, A?)my. This may imply that the charged lepton mixing matrix has
a structure similar to the down type quark mixing and is governed by the CKM

matrix.

To illustrate the things more explicitly, let us recall the values of the quark mixing
angles in the standard PDG parametrization for the CKM matrix within 1o range
as [97]

6%, = 0.20° £0.01°, 0% =2.35°£0.07°, 6%, =60 = 13.02° £0.04°. (4.7)

However, the leptonic sector is described by two large mixing angles 6, and 6!,
and the third mixing angle 6!, was expected to be very small. Recently, the third
mixing angle #; has been measured by T2K, Double CHOOZ, Daya Bay and
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RENO Collaborations yielding the following mixing patterns in the lepton sector:
0, =88 +£1.0°  Ohy=404°4£1.0°, 0,=340"£11°.  (4.8)

The different nature of the quark and lepton mixing angles can be inter-related in

terms of the quark lepton complementarity (QLC) relations [98-104], as
0%, + 6., ~ 45°, 0%, + 0Ly ~ 45°. (4.9)

The QLC relations indicate that it could be possible to have a quark-lepton sym-
metry based on some flavor symmetry. The experimental result of this not-so-small
reactor mixing angle !, has triggered a lot of interest in the theoretical commu-
nity. Given the rather precise measurement of !, one may wonder whether 6},

numerically agrees well with the QLC relation, i.e.,
0
0L, = —= ~9.2°. (4.10)

In particular, it is quite interesting to see whether this specific connection to 6o
can be a consequence of some underlying symmetry, which may provide a clue to

the nature of quark-lepton physics beyond the standard model.

Starting from the fact that the mixing matrix of the up type quark sector can
be almost diagonal and so the CKM matrix is mainly generated from the down
type quark mixing matrix, we assume that the mixing matrix of the charged
lepton sector is basically of the same form as that of down type quark sector.
Consequently the lepton mixing matrix appears as the product of CKM like matrix
(induced by charged lepton sector) and the TBM pattern matrix induced from the
neutrino sector. As discussed before, in the limit of diagonal charged lepton mass
matrix i.e., U; = 1, and U, = Urgy, which gives the mixing angles at the leading

order as

01 = arctan(1/v2) ~35.3°, 69 =0°, and 6 =45°, (4.11)
deviate significantly from their measured values as

00, — 0% ~2°, 0\, — 0% ~9° and |fh — O] ~5°. (4.12)

These deviations are attributed to the corrections arising from the charged lepton
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sector. We assume the charged lepton mixing matrix to have the form as the CKM

matrix in the standard parametrization, i.e.,
Ui = RozU3Ria (4.13)

where the matrices Ra3, U3 and Ry, are defined by

cosfl, sinf, 0 1 0 0
Ry = —sinfl, cosfl, 0 ) Ros=1 0 cos 0123 sin 9123
0 0 1 0 —sinfl, cosbl,
cosfly 0 sinfl, e ®

gl b !
—sinfi; e® 0  cosfy

Furthermore, as the mixing angle 6,3 receives maximum deviation from the TBM
pattern, we assume sin 6}, = sinc = )\, where, \ is a small expansion parameter
analogous to the expansion parameter of Wolfenstein parametrization of the CKM

matrix. The other two angles are assumed to be of the form
sin By = AN?, sin 0, = AN | (4.15)

where the parameter A = O(1). With these values, one can obtain the Wolfenstein-

like parametrization for U; (upto order \?) as

1—)%/2 AXS Ne™®
U = | —AN¥(1+€%) 1 AN? (4.16)
— el —AN 1 )2)2

Thus, with the help of Egs. (4.5), (4.6) and (4.16), one can schematically obtain
the PMNS matrix up to order of A3 as

Upmns = Urpm + AU, (4.17)
with
AeTBAZ4 AN (14e™P)  XeTW4NZ/24 AN (14e7)  AeT W —AN(14e” )
A,\2E{6 2)) A,\2\(/1g ) \/52 4
— + - AX
AU = sy o —4x + O, (4.18)
2Xe — AN24A2/2 e ANZ—)2/2 L AN2HN2)2

V6 VB V2
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which allows one to obtain the elements of the PMNS matrix as

2 1 1 1
|Uer| = \/;|:1—|—§>\COS(S—§>\2(3+COSQCS)+E)\3 (8A(1—|—COS(5)—COS5SiD25):|,
|Ue2| = L 1—)\COS(5—1)\2(3082(5—l)\g(QA(l—G—COS(S)—COS(SSin25)
e2 \/g 2 2 9
A
|Ues| = —[1—14)\2(14-0085)} ,
V2
1
Un = 7 [1— AN —2AN7] |
1
Up = %[1—A)\2+A)\3} :
1
Us| = — (14+ AN
| H3| \/ﬁ( )
Un = — ! ( —2)e® 4 )\2(2A—1)> :
Usg = ( 1+ e + = )\2(2/1—1)> ,

U.s| = ( —% A/\2)> : (4.19)

From Eq. (4.2), one can express the neutrino mixing parameters in terms of the
PMNS mixing matrix elements as
2 2
202 |U62| ) |Uu3|
sin“fy, = —M— sin® Oy = ——— ,
1 — |Ues|? 1 —|Ues/?
sin 013 = ‘Ueg‘ . (420)

Thus, from Eqs. (4.19) and (4.20), one can obtain the solar neutrino mixing angle

012, up to order \3, as
2 1 Y 3
sin® 69 ~ 3 1 —2\cosd + 5 N [2A(1 + cosd) + cos® ] |, (4.21)

Clearly, when cos d approaches zero we observe a tiny deviation from sin? 6, = 1/3.
Following similar approach, one can obtain the atmospheric neutrino mixing angle

923 as

2

1 A
sin? Oy3 ~ 3 (1 + —

(1 +4A)) , (4.22)
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which also shows a small deviation from the maximal mixing pattern i.e., sin® 653 =

1/2. The reactor mixing angle 6,3 can be obtained as

. A
sinfi3 = 7 (1 — AN*(1 + cosd)) . (4.23)
Thus, we have a non-vanishing large ;3. This in turn implies that it could be
possible to observe CP violation in the lepton sector analogous to the quark sector,
which could be detected through long base-line neutrino oscillation experiments.

The Jarlskog invariant, which is a measure of CP violation, for the lepton sector

has the expression

Asin A2
Jep = I[UnUyoUs Usy] = — Sén (1 -5 - AA?)) oMY, (4.24)

which is sensitive to the Dirac CP violating phase.

The Dirac CP phase dcp can be deduced by using the PMNS matrix elements and

the neutrino mixing parameters as [96]

Yo UesUnUzy | C12C23513

2
C12€73€23513
dcp = — arg = . (4.25)
512523

With Eqs. (4.4), (4.17) and (4.18), this yields the correlation between the two CP
violating phases (Dirac type CP violating phase and the phase ¢ introduced in the

charged lepton mixing)

A1 = (A+1X))siné
)\[(A(l —X2) = 2X%)cosd — (3N + A)\Q)] + A2(1 4 Acosd)
(4.26)

dcp = — arctan

Three mass-dependent neutrino observables are probed in different types of exper-
iments. The sum of absolute neutrino masses ., m; is probed in cosmology, the
kinetic electron neutrino mass in beta decay (Mp ) is probed in direct search for
neutrino masses, and the effective mass (M, ) is probed in neutrino-less double

beta decay experiments with the decay rate for the process I' o |M,.|>. In terms



Chapter 4 Charged lepton correction to tribimaximal lepton mixing - - - 53

of the bare physical parameters m; and U,;, the observables are given by [105]

E m; = my + Mo + M3,

i

Mee = Z Ufimia

Mg = | |Ueim? . (4.27)

The absolute values of neutrino masses are currently unknown. Recently the
Planck experiment on Cosmic Microwave Background (CMB) [106] has reported
an interesting result for the sum of three neutrino masses with an assumption of

three species of degenerate neutrinos as

> m; <023 eV . (Planck + WP + highL + BAO) . (4.28)

The most stringent upper bound on electron-antineutrino mass has been measured
in the Troitsk experiment [107] on the high precision measurement of the end-point

spectrum of tritium beta decay as

Mg < 2.05¢eV  95% C.L. (4.29)

In our analysis we ignore the Majorana phases (p,o) and consider the normal
hierarchy scenario for the neutrino mass spectrum in which the neutrino masses

mo and mg can be expressed in terms of the lightest neutrino mass m; and the

2
atm

my = \/m3 + Am? |, ms = \/m% + AmZ, + Am2,, . (4.30)

measured solar and atmospheric mass-squared differences Am?; and Am?2, as

4.3 Results and Discussion

For numerical estimation we need to know the values of the three unknown pa-
rameters A, A and 4. In this analysis we assume the small expansion parameter A

to have the same value as that of the quark sector [97]:

A = 0.22535 £ 0.00065 . (4.31)
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Now with Eq. (4.22) and using the experimental value of sin® fy3 as input param-

0.22

0.2

0.1

=
T
E
+
¥

#
+

L

JE] e i
+ + + T i
bt Y
P
o L
+
it wmﬁ*

0.16

sin2912
sinB,3

0.14

T
+
5
e
&t
+
*
o
i
+

0.12

s

=T
iy

Tl

+

041 I I I I I

0.15 L I I I I I I

150 200

o
o
S

150 200 250 300

FIGURE 4.1: Variation of sin? #15 with the CP violating phase § (left panel)
and sin 613 on the right panel. The horizontal lines (in both panels) represent
the 3 o allowed range.

eter, we obtain the lo (30) range of A as

A (—2.4 — —1.2)

(—3.4 — 3.0),

(1o)
(30) (4.32)
and we treat the CP violating phase § as a free parameter, i.e., we allow it to
vary in its entire range 0 < § < 27. Now varying these input parameters in
their 30 ranges, and using Eqs. (4.21) and (4.23), we present the variation of
the solar and reactor mixing angles (sin?6;, and sin#y3) with the CP violating
phase ¢ in figure-4.1. From the figure, it can be seen that in this formalism, it is
possible to accommodate simultaneously the observed value of the reactor mixing
angle 613 and solar mixing angle ;5. The correlation plots between the solar and
atmospheric mixing angles with 6,5 is shown in figure 4.2. In figure 4.3, we show
the variation of the Jarlskog Invariant Jop with 6 and #,3. From the figure it can
be seen that it could be possible to have large CP violation O(1072) in the lepton
sector. The correlation between the Dirac CP violating phase dcp and the CP
violating parameter 0 of the charged lepton mixing matrix is shown in figure 4.4.
The variation of M., with the lightest neutrino mass m; (for Normal Hierarchy)
and the variation of Mz with > m; (where the parameters are varied in their
1 o range) are shown in figure 4.5. Thus, for m; below O(1072) eV, one can get
M, <12x1072 eV and Mg <14 x 1072 eV.
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To summarize, to accommodate the observed value of relatively large 63, we

consider the corrections due to the charged lepton mixing matrix to the TBM pat-

tern of neutrino mixing matrix. Based on the possible inter-relation between the

charged lepton and the quark mixing structures we constructed the lepton mixing

matrix to have the form of the CKM-like matrix (induced from the charged lep-

ton sector) times the TBM matrix induced from the neutrino sector. Our result

showed that in this formalism, it is possible to accommodate the observed reactor

mixing angle 6,3 along with the other mixing parameters within their experimental

range. We have also found that sizable leptonic CP violation characterized by the

Jarlskog invariant Jep, i.e., |[Jop| < 1072 could be possible in this scenario. The

observation of CP violation in the upcoming long base-line neutrino experiments

would be a smoking gun signal of this formalism. We have also shown that the
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measured value of 613 along with other mixing parameters can be used for con-
straining the value of the Dirac CP violating phase dcp. The upper limits on M.,
and Mjp are found to be O(107%), if the mass of the lightest neutrino m; < 0.01
eV.



Chapter 5

Perturbation to TBM mixing and

its phenomenological implications

5.1 Introduction

From the observation of neutrino oscillation, it is now well-known that neutrinos
have non-zero masses. This in turn, indicates at least one of the mass eigenstates is
non-degenerate and the neutrino flavour eigenstates are admixture of mass states,

1, Vo, and vs, i.e.,

Ve Uel Ue2 Ue3 n
m = Um U/ﬁ Uus V2 ) (5-1)
Vr UTl U’T2 UTS V3

where U is the well-known lepton mixing matrix, which can be parametrized in
terms of three mixing angles and one CP violating phase (dcp), if neutrinos are
Dirac particles. There will also be two more additional phases known as Majorana
phases, if neutrinos are of Majorana type. In the standard parametrization [23],

PMNS matrix is represented as

0

C12C13 S12€13 S13€
_ _ ) io
Veuns = Upuns. Py = —S512C93 — C12513593€ C12Co3 — S512513523€ C13523 b,
@6 i6
812823 = C12513C23€ —C19823 — S12513C23€ C13Ca3

57
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where ¢;; = cost;; and s;; = sinb;;, 012, o3 and 0,3 are the three mixing angles,

dcp is the Dirac phase and the other two Majorana phases come in P, as
P, = diag(e”, e, 1) .

The best-fit values and 30 ranges of neutrino oscillation parameters taken from
reference [31] are given in Table 2.1. One can reconstruct neutrino mass matrix
once all the mixing parameters and three masses are known. Neutrino oscilla-
tion experiments probe mass squared differences (Amfj = m? — m?) and all the
mixing parameters except Majorana phases. Results from neutrino oscillation
experiments show two masses are close to each other, while the third mass is com-
paratively far away than the other two (Am2, is of the order of 107> eV?* and
|Am2,| is of the order of 1073 eV?) and this results two possible mass hierarchies,
either m; < my < mg (normal hierarchy) or mg < m; < mgy (inverted hierar-
chy). There are ongoing neutrino oscillation experiments like NOvA and T2K
etc., which are expected to resolve mass hierarchy. Beta decay experiments and
cosmological bound on sum of neutrino masses (X;m;) give the absolute scale of
neutrino masses while neutrino less double beta decay (Ov3f) experiments can
test Majorana nature of neutrinos. The tritium beta decay experiment KATRIN
[108] shows absolute scale of neutrino mass is less than 0.35 eV and cosmological
bound on ¥;m; from PLANCK data is 0.23 eV [109].

Initially neutrino oscillation experiments indicated the atmospheric mixing angle,
0,3 is maximal i.e., 63 = 7/4 and reactor mixing angle 6,3 is vanishingly small and
motivated by such anticipation many models for neutrino mixing were proposed
such as Bimaximal mixing (BM) [40-44], Tri-bimaximal mixing (TBM) [45-53],
Golden ratio type-A (GRA), type-B (GRB) [89, 110] and Hexagonal mixing (HG),
etc. All such models are based on some discrete symmetries such as Ay, Sy [111,

112] etc. and can be represented as

cosfis sinf;s 0
—sin 612 cosf12 =1

V2 V2 V2 )
—sin 612 cos 612 1

V2 V2 V2

where sin 015 takes the values \%, \%, \/21? (r = 1+T\/5 —V?’Q_r,

and 3 for BM, TBM, GRA, GRB and HG respectively. Recently Daya Bay [29, 113]

RENO [30] and T2K [26, 114] experiments measured non-zero reactor mixing angle

is the golden ratio),
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and hence, the above mentioned symmetry forms can’t explain the experimental
results. But various studies show that these models can be modified suitably to
accommodate the observed mixing angles by adding perturbations [66-82, 115-
121]. Among above mentioned symmetry forms TBM is of great interest because
of its prediction to solar mixing angle, sin? 6,5 = % against the experimental best fit
value 0.323 and it can be explained on the basis of A4 [111] symmetry, the smallest
non abelian discrete symmetry with three dimensional irreducible representation.
The perturbations can be incorporated in various ways and one possible form for
example is the Zy X Z5 symmetry in neutrino sector and Z3 symmetry in charged
lepton sector. In this chapter [122], we study a possible form of perturbation
which modifies TBM to make it compatible with the recent experimental results.
We also study the variation of electron neutrino mass (m,,) and the 11 element
of the Majorana neutrino mass matrix (|MY|), observables of 8 decay and Ov(p3
decay experiments respectively with the lightest neutrino mass in order to verify
the model.

The chapter is organized as follows. In section 5.2, we will discuss briefly about
the lepton mixing matrix and in section 5.3, we present the perturbation in the
neutrino sector and its effect on the observables like mixing angles, dcp, m,, and

|M?.|. We conclude our discussion in section 5.4.

5.2 The Lepton mixing matrix

The lepton mixing matrix commonly known as PMNS matrix arises from the
overlapping of the matrices that diagonalize charged lepton and neutrino mass

matrices, hence PMNS matrix is given by
Upnns = UlU, , (5:3)

where U; and U, are the matrices which diagonalize charged lepton and neutrino
mass matrices respectively. But it is always possible to work in a basis where
charged lepton mass matrix is diagonal so that U; = I and Upy;nys = U,. Hence,

one can write

Upuns = Uy , (5.4)
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without loss of generality. So here we consider U; = I and U, as TBM in the

leading order, and hence the PMNS matrix is given as

Upvuns = Urpy = (5.5)

SIL SIS
S sk 5
ShslL o

Since TBM predicts 613 = 0, it can’t accommodate the recent observation of
largish 613 by the reactor experiments. So it has to be modified suitably for being
in agreement with the experimental results. It is reasonable to assume that such
modifications can come from perturbative corrections due to higher dimensional
operators. We will discuss a possible form of perturbation in next section and

show that it can consistently accommodate all the measured mixing angles.

5.3 Perturbation in neutrino sector

In this section we consider the deviations from TBM mixing angles due to per-
turbation in the neutrino sector so that the obtained mixing angles satisfy exper-
imental results. The perturbation is taken as a rotation in 23 plane followed by a
rotation in 13 plane. Existence of Dirac CP phase is ensured by the complex phase
in the 13 rotation matrix. Such a perturbation is quite reasonable, as it will give
correction to the atmospheric mixing angle 03 which deviates from its maximal
value and large correction to the reactor mixing angle 6;3. With this perturbation

the lepton mixing matrix will be of the form
U=Urpy- X, (5.6)

where Urpys is the TBM mixing matrix given in Eqn. (5.5) and X is the pertur-

bation matrix given as

/ ! —ip / ! —ip
1 0 0 Cis 0 sjse 3 0 s3e
— / / — PN PN N 101 / )
X = 0 3 Shy 0 1 0 = S93513€ Cog  So3Ci3
! / PN N 10} / P RN N 7o R | )
0 So3  Cog s13e¢'? 0 C13 Co3513€ So3  Ca3Ci3

(5.7)
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In general the leading order mixing matrix can receive corrections from both
charged lepton and neutrino sector. For example, in Ref. [123], TBM mixing is re-
alized based on A, symmetry which breaks to one of its subgroup Z3 in the charged
lepton sector while neutrino sector preserves Zs X Zs symmetry. They have shown
that charged lepton and neutrino sector form a parallel world of flavour symmetry
breaking and both the charged lepton and neutrino sectors receive corrections due
to interaction between the sectors after symmetry breaking. But one can always
go to charged lepton mass diagonal basis so that only neutrino sector contributes
to lepton mixing. We obtained mixing angles and Jarlskog invariant in terms of

elements of U by equating it with PMNS matrix as

‘2 |612‘2 ‘2 ’LQ3|2 2 2
b = ———— Opy = ——— 615 = |U
sin® 62 T U SIn° O3 = 7— Ul sin® 613 = |Uys)*,
JCP = Im [2/111/22 2*1 1*2] y (58)

where Uj; is the ij element of the lepton mixing matrix U. Now comparing Eqns
(5.6) and (5.8), we obtain

1
sin ;3 = 3 [23'123 + 2V/25)5¢, 455 COS ¢ + 8/2230,123} : (5.9)
1— s
.92 23
sin® 09 = , (5.10
3 — (23/123 + 2\/53’230/135/13 cos ¢ + 3/2230/123) )
9 1 V6chycls(shachs — %53/13 cos ¢)
sin 023 = = — 2 FETE, 2 2N (511)
23— (285 + 2v/2h5¢] 3805 cos ¢ + shycls)
and
—1 /2 /2
Jop = 7 (% — %) Ch3Ch3Shzsin ¢ . (5.12)
In standard parameterization the value of Jop is
1. . . .
Jop = 3 sin 2615 sin 26053 sin 203 cos #13 sin d¢cp . (5.13)
Comparing equations (5.12) and (5.13) we obtain
/2 /2
C. S / / !/ 3
Sin S p = 3(% - %)023013313 sin ¢ (5.14)
= )

VX (- (4 5B - X)
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where
X = [28'123+2\/§s'23c'13s’13cos¢>+5'2230'123 :
1
= V6ol a(8haln — —=52 cOS D) . 5.15
53C13(523C13 WolE o)) (5.15)

Next, we obtain the allowed parameter space by varying these parameters s, 575
and cos ¢ in their allowed ranges i.e., between —1 to 1 and choosing those set of
values for which the mixing angles fall within their 30 ranges, which are shown in

Fig. 5.1. Using the allowed parameter space we show in Fig. 5.2, the correlation
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FIGURE 5.1: Allowed parameter space in )3 — shs , shy — ¢ and sj5 — ¢ planes
compatible with the observed data.

plots between the mixing angles, which are found to lie within their 30 allowed

ranges.

Neutrino oscillation experiments do not give any idea about the absolute mass of
neutrinos as they only measure mass square differences. We will get the abso-
lute scale of neutrino mass from Tritium beta decay experiments, which measure

electron neutrino mass defined by

m,, = %i|Uy|*m; (5.16)



Chapter 5 Perturbation to TBM mizing - - -

63

0.03

0.025¢

sin2613

0.02

o ot e

0.015— ‘ :
0.35 0.45 0.55

Sin2023

0.03

0.025¢

sin2013

0.02

sin2913

0.015- ‘ ‘ ‘

dcplradian]

0.03

Sin2613

0.02

0.025¢

rmm———l e ——t |

N ——

0.015

O pmm———

0.03

0.025¢

0.02¢

0.015

-0.14

-0.07

0 0.07 0.14

Jep
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sin? 613 and sin® 615 (top right panel), §cp and sin® 03 (bottom left panel) and
between Jop and sin? 013 (bottom right panel).

where ¢ varies from 1 to 3 and mq, ms, and mg3 are light neutrino masses and Uy;’s

are elements of first row of the lepton mixing matrix U, which are given by

2 1 )
Uyg = —c.— ——=sh.5 .6
o8 T BT
1
Uip = ﬁclzs,
2 .
Uiz = —=sze "%+ —=shydiy .

V6 V3

(5.17)

We now proceed to study the variation of m,, with lightest neutrino mass in the
case of inverted and normal hierarchy and the results are shown in the right panel

of Fig 5.3. In our calculations we used the relations

my = y/Am3, +m?
ms = \/Am3 +m? (5.18)
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for NH and

— [ 2 2

my = \/m§ — Am3, + Am3, (5.19)

for TH and obtained upper limit on m; (m3) as 0.071 eV (0.065 eV) in the case of
normal (inverted) hierarchy taking cosmological upper bound on ¥;m; as 0.23 eV
[109].

Neutrinos are very light compared to other fermions. The smallness of neutrino
are addressed by different types of seesaw mechanisms such as, type-I, type-II and
inverse seesaw. All those seesaw mechanisms treat neutrino as majorana particle.
Hence they predict neutrinoless double beta decay, a process in which two neutrons

inside a nucleus convert to two protons without emitting neutrinos.
(A, Z) = (A, Z +2) 4 2e

The observation of neutrinoless double beta (0v(3) decay will be a consistency
test for all those models. The half life of Ov33 decay is proportional to | M2 |* [124],
(1,1) element of neutrino mass matrix in flavor basis. Several on going experiments
like KamLAND-Ze [125], EXO [126] and GERDA [127] to observe neutrino-less
double beta decay put upper bound on | MY |. The lowest upper bound on | MY | is
0.22eV came from GERDA Phase-I data so only those mass models are valid which
predicts |M7. | < 0.22¢V. Hence we studied the variation of |MY | with the lightest
neutrino mass which is m; in the case of normal hierarchy and mgs otherwise. We

have calculated | MY | using the relation
| M| = [maU7) +moUfy +maUss|. (5.20)

The variation of |MY,| with lightest neutrino mass in the case of normal and

inverted hierarchies is shown in the left panel Fig 5.3.

5.4 Conclusions

In this chapter, we have studied deviation from Tribimaximal mixing (TBM) due

to perturbation in neutrino sector in the form of combined rotation in 13 and
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FIGURE 5.3: variation of |M}, | with lightest neutrino mass m; (ms3) in the left
panel and m,, with m; (mg) in the right panel for normal (inverted) hierarchy.

23 plane. It is found that such perturbation can explain the recent experimental
results on neutrino mixing angles. We obtained the parameter space for which
mixing angles fall within their 30 ranges and calculated possible values of Dirac
CP phase (6cp) and found that all values between 0 to —m/2 is possible for dcp.
We studied the variation of |MZ | with the lightest neutrino mass in the case of
normal and inverted hierarchy and found that it falls bellow the upper bound
(0.22 V) for all values of the lightest neutrino mass below its upper bound, which
we obtained as 0.071 eV for normal hierarchy and 0.065 for inverted hierarchy by
taking cosmological upper bound on >;m; as 0.23 eV. We also studied the variation
of electron neutrino mass, m,, with lightest neutrino mass for normal and inverted

mass hierarchies.






Chapter 6

Summary and Conclusion

Neutrino physics is relatively large research area and it comprises a lot of research
including the basic properties of neutrinos. Neutrino, one of the elementary parti-
cles which interested the physicists with its puzzling nature and strange properties.
In the SM, neutrinos are massless and interact through weak forces only which
makes quite difficult to detect them in the detector. But the results from various
dedicated neutrino oscillation experiments accompanied by theoretical results re-
veal that neutrinos change their flavor during propagation and such flavor changing
is possible only if the neutrinos have finite non-zero mass, which implies physics
beyond the SM.

Data from many oscillation experiments provide a very clear idea about the os-
cillation parameters and the unknown parameters may be fixed by the future
experiments. Hence, one can reconstruct the neutrino mass matrix (M, ), and ac-
cording to the current oscillation data the neutrino mass matrix is nearly mu-tau
(u — 7) symmetric. p — 7 symmetry draws remarkable attention in the search
of explicit form for the neutrino mixing pattern. There are many special mixing
patterns i.e, Tri-bimaximal mixing (TBM), Bi-maximal mixing (BM), Democratic
mixing (DC), Hexagonal mixing, Golden Ratio-I, Golden Ratio-II etc, which obey
the p — 7 symmetry. But due to non vanishing value for ;3 and deviation of 93
from 7/4, the neutrino mixing matrix is deviated from p — 7 symmetry. The mass
matrix (M, ) can be p — 7 symmetric at leading order but breaks due to higher
order corrections to the matrix. Hence the observed form for the lepton mixing

matrix can be due to the flavor symmetry between the generation of fermions at

67
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higher energies. This thesis focused on the study of some phenomenological as-

pects of neutrino mixing.

In Chapter-1 of the thesis, we have discussed the historical journey of neutrino
from the discovery and its elusive properties and also discussed the neutrino oscil-
lation, solar neutrino problem, atmospheric neutrino problem in the section-1.1.
In section 1.2, we presented the brief overview of SM of particle physics, which in-
cludes the particle content,symmetries,types of interactions and Higgs mechanism
to generate masses to SM particles. In the last section, we discussed the neutrinos
in the SM and physics beyond the SM . At the end of chapter-1, we have given

the overview of the thesis.

In Chapter-2 of the thesis, we have discussed the theory of neutrino oscillation.
In section 2.1, we discussed the neutrino oscillation in vacuum in both two and
three flavor cases and obtained the generalized expression for the oscillation prob-
ability, discussed the dependence of oscillation probability on mixing angles (6;;),
mass square difference (Am?) and L/F ratio. In three neutrino mixing case, we
discussed the PMNS matrix and obtained the probability of oscillation between
different flavors of neutrinos. In section 2.2, the effect of matter on neutrino os-
cillations is discussed in two flavor case, the oscillation probability in matter and
the dependence on various parameters such as ¢,,, AV are presented. In the last

section, we have given the current status of neutrino mixing parameters.

Chapter-3 presents about the different models of neutrino mass. In section 3.1, we
discussed various see-saw mechanisms which include Type-1I, II, IIT see-saw mech-
anisms, which account for the generation of mass to neutrino and the smallness
of neutrino mass in the context of physics beyond SM. In the next section, we
discussed the different neutrino mixing patterns such as TBM, BM, DC etc. The
current data from various neutrino experiments suggest the modification to the
above models to accommodate the current oscillation data. In this thesis we have
mainly studied the modification to tri-bimaximal mixing matrix to explain the

current oscillation data.

In Chapter-4, we have studied the charged lepton correction to tri-bimaximal mix-
ing and its implications to neutrino phenomenology. Motivated by the data from

Daya-Bay and RENO experiments which established the reactor mixing angle 63
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is non-vanishing with relatively large value (613 = 9°) at 50 level. By adding some
perturbation to neutrino mixing models such as TBM, BM one can explain the
current data. In this chapter, we considered charged lepton correction to TBM
pattern and studied the implications of these corrections on phenomenological ob-
servables such as mixing angles, CP-violating phase dcp, Jarlskog invariant Jop
and the light neutrino mass m;. Here we assumed U; has the form of CKM ma-
trix of quark sector based on QLC relations and we found that this modification
Upyns = UZTU,, where U, = Urpy, it is possible to explain the non-vanishing
reactor mixing angle #,3 and other mixing parameters are within the experimental
limit. We also found that Jarlskog invariant |Jop| < 1072 and the upper bounds

on effective majorana mass M., and Mg as O(1072) if m;=0.01 eV.

In Chapter-5, we have studied perturbation to tri-bimaximal mixing and its phe-
nomenological implications. The non-zero value for reactor mixing 6,3 is very
important for the measurement of CP-violation in the neutrino sector. To ac-
commodate the recently observed 63, we considered the tri-bimaximal mixing
pattern(TBM) with a perturbation in the neutrino sector. Here the perturbation
matrix X is taken as rotation in 23 plane followed by rotation in 13 plane i.e
Ro3(023)R13) (613, ). Here the complex phase ¢ in 13 rotation matrix ensures the
existence of Dirac CP phase. This perturbation is reasonable because it modifies
the atmospheric mixing angle (6s3) from its maximal value (7/4) and accommo-
date the non-zero ;3. The lepton mixing matrix has the form Upy;ns = Urpgnr - X
where X = Ry3(0a3R13)(6h3, ). With this modification it is possible to accom-
modate the observed mixing angles consistently and we found that the Dirac CP
phase dcp can have values between 0 to w/2. We have studied the variation of
effective Majorana mass | MY | with light neutrino mass m; in the case of NH, IH
and found that 0.071eV for NH and 0.065eV for IH by taking > m; =0.23 eV. We

also studied the variation of m,, with m; for both NH and IH.l






Bibliography

1]

[10]

[11]

W. Pauli, “Dear Radioactive Ladies and Gentlemen”, Pauli’s letter of the

4th of December 1930.
E. Fermi, “An attempt of a theory of beta radiation” | Z. Phys. 88, 161 (1934)
F. Perrin, C.R. Acad. Sci. Paris 197, 1625 (1933).

Frederick Reines and Clyde L. Cowan, “Free Antineutrino Absorption Cross
Section. I. Measurement of the Free Antineutrino Absorption Cross Section
by Protons”, Phys. Rev. 113, 273 (1959).

T. D. Lee and C. N. Yang, “Question of Parity Conservation in Weak
Interactions ”, Phys. Rev. 104, 254 (1956).

R. P. Feynman and Murray Gell-Mann, “Theory of the Fermi Interaction ”,
Phys. Rev. 109, 193 (1958).

E. C. G. Sudarshan, R. E. Marshak, “Chirality Invariance and the Universal
Fermi Interaction ”, Phys. Rev. 109, 1860 (1958).

M. Goldhaber, L. Grodzins, and A. W. Sunyar, “Helicity of Neutrinos”,
Phys. Rev. 109, 1015 (1958).

G. Danby, J-M Gaillard, K. Goulianos, .M. Lederman, N. Mistry, M.
Schwartz and J. Steinberger, “Observation of High-Energy Neutrino
Reactions and the Existence of Two Kinds of Neutrinos”, Phys. Rev. Lett.
9, 36 (1962).

M. L. Perl et al., “Evidence for Anomalous Lepton Production in et — e~
Annihilation ", Phys. Rev. Lett. 35, 1489 (1975).

K. Kodama et al., DONUT Collaboration, “Observation of Tau Neutrino
Interactions 7, Phys. Lett. B 504, 218 (2001).

71



Bibliography 72

[12]

[13]

[14]

[15]

[16]

[17]

[20]

[21]

S. L. Glashow, “Partial Symmetries of Weak Interactions”, Nucl. Phys. 22,
579 (1961); A. Salam, “Elementary Particle Physics: Relativistic Groups
and Analyticity ", in the Proceedings of the 8th Nobel Symposium (N.
Svartholm, ed.), pp. 367 377, (1968); S. Weinberg, “A Model of Leptons ™,
Phys. Rev. Lett. 19, 1264 (1967).

F. Englert and R. Brout, “Broken Symmetry and the Mass of Gauge Vector
Mesons 7, Phys. Rev. Lett. 13, 321 (1964); Peter W. Higgs, “Broken
Symmetries and the Masses of Gauge Bosons”, Phys. Rev. Lett. 13, 508
(1964); G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global
Conservation Laws and Massless Particles”, Phys. Rev. Lett. 13, 585
(1964).

F. J. Hasert et al., Gargamelle Neutrino Collaboration, “Observation of
Neutrino Like Interactions Without Muon Or Electron in the Gargamelle
Neutrino Experiment ”, Phys. Lett. B 46, 138 (1973).

B. Pontecorvo, “Mesonium and anti-mesonium ”, Sov. Phys. JETP 6, 429
(1957) [Zh. Eksp. Teor. Fiz. 33, 549 (1957)].

Z. Maki, M. Nakagawa, and S. Sakata, “Remarks on the unified model of
elementary particles ”, Prog. Theor. Phys. 28, 870 (1962).

R. Davis Jr., D. S. Harmer and K. C. Hoffman, “Search for Neutrinos from
the Sun 7, Phys. Rev. Lett. 20, 1205 (1968).

J. N. Bahcall, “Flectron Capture and Nuclear Matriz Elements of Be” 7,
Phys. Rev. 128, 1297 (1962).

Q. R. Ahmad et al., [SNO Collaborations], “Direct evidence for neutrino
flavor transformation from neutral current interactions in the Sudbury
Neutrino Observatory ”, Phys. Rev. Lett. 89, 011301 (2002),
arXiv:nucl-ex/0204008.

Y. Fukuda et al., [ Super-Kamiokande Collab.|, “Measurement of the flux
and zenith angle distribution of upward through going muons by
Super-Kamiokande 7, Phys. Rev. Lett. 82, 2644 (1999),
arXiv:hep-ex/9812014.

M. Gell-Mann and A. Pais, “Behavior of neutral particles under charge
conjugation ", Phys. Rev. 97, 1387 (1955).


http://dx.doi.org/10.1143/PTP.28.870
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://arxiv.org/abs/nucl-ex/0204008
http://dx.doi.org/10.1103/PhysRevLett.82.2644
http://arxiv.org/abs/hep-ex/9812014
http://dx.doi.org/10.1103/PhysRev.97.1387

Bibliography 73

[22]

23]

[24]

[25]

[27]

28]

[29]

[30]

[31]

B. Pontecorvo, “Inverse beta processes and nonconservation of lepton
charge”, Sov. Phys. JETP 7, 172 (1958) [Zh. Eksp. Teor. Fiz. 34, 247
(1957)].

L. L. Chau and W. Y. Keung,“Comments on the Parametrization of the
Kobayashi-Maskawa Matriz”, Phys. Rev. Lett. 53, 1802 (1984).

L. Wolfenstein, “Neutrino oscillations in matter ”, Phys. Rev. D 17, 2369
(1978).

S. P. Mikheev and A.Y. Smirnov, “Resonance Amplification of Oscillations
in Matter and Spectroscopy of Solar Neutrinos ”, Sov. J. Nucl. Phys. 42,
913 (1985); S.P. Mikheev and A.Y. Smirnov, “Resonant amplification of
neutrino oscillations in matter and solar neutrino spectroscopy ”, Nuovo
Cimento C 9, 17 (1986).

K. Abe et al., [T2K Collaboration], “FEvidence of Electron Neutrino
Appearance in a Muon Neutrino Beam ”, Phys. Rev. D 88, 032002 (2013),
arXiv:1304.0841 [hep-ex].

P. Adamson et al., MINOS Collaboration, “Improved search for
muon-neutrino to electron-neutrino oscillations in MINOS 7, Phys. Rev.
Lett. 107, 181802, (2011), arXiv:1108.0015 [hep-ex].

Y. Abe et al., Double-Chooz Collaboration, “Indication for the
disappearance of reactor electron antineutrinos in the Double Chooz
experiment ”, Phys. Rev. Lett. 108, 131801 (2012), arXiv:1112.6353
[hep-ex].

F. P. An et al., [Daya Bay Collaboration], “Improved measurement of
electron antineutrino disappearance at Daya Bay 7, Chin. Phys. C 37,
011001 (2013), arXiv:1210.6327 [hep-ex].

J. K. Ahn et al., [RENO Collaboration], “Observation of Reactor Electron
Antineutrino Disappearance in the RENO Ezperiment”, Phys. Rev. Lett.
108, 191802 (2012), arXiv:1204.0626 [hep-ex].

M. C. Gonzalez-Garcia, Michele Maltoni, Jordi Salvado, Thomas Schwetz,
“Global fit to three neutrino mizing: critical look at present precision ”,
JHEP 1212, 123, (2012), arXiv:1209.3023 [hep-ph].



Bibliography 74

[32]

[33]

[40]

[41]

[42]

[43]

G. L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, A. M. Rotunno,
“Global analysis of neutrino masses, mirings and phases: entering the era of
leptonic CP wiolation searches”, Phys. Rev. D 86, 013012 (2012),
arXiv:1205.5254 [hep-ph].

D. V. Forero, M. Tortola, “Global status of neutrino oscillation parameters
after Neutrino-20127,J. W. F. Valle, Phys. Rev D 86, 073012 (2012); D. V.
Forero, M. Tortola, J. W. F. Valle, “Neutrino oscillations refitted”, Phys.
Rev. D 90, 093006 (2014).

P. Minkowski, “u — ey at a Rate of One Out of 10° Muon Decays? ", Phys.
Lett. B 67, 421 (1977).

R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous
Parity Violation ”, Phys. Rev. Lett. 44, 912 (1980).

M. Magg and C. Wetterich, “Neutrino Mass Problem and Gauge
Hierarchy”, Phys. Lett. B 94, 61 (1980).

G. Lazarides, Q. Shafi, and C. Wetterich, “Proton Lifetime and Fermion
Masses in an SO(10) Model ”, Nucl. Phys. B 181, 287 (1981).

R. Foot, H. Lew, X. G. He, and G. C. Joshi, “Seesaw Neutrino Masses
Induced by a Triplet of Leptons 7, Z. Phys. C 44, 441 (1989).

A. Melfo, M. Nemevsek, F. Nesti, G. Senjanovic, and Y. Zhang, “Type II
Seesaw at LHC: The Roadmap ”, Phys. Rev. D 85, 055018 (2012),
arXiv:1108.4416.

F. Vissani, “A study of the scenario with nearly degenerate Majorana
neutrinos 7, hep-ph/9708483.

V. D. Barger, S. Pakvasa, T. J. Weiler and K. Whisnant, “Bi-Mazimal
mizxing of three neutrinos ”, Phys. Lett. B 437, 107 (1998).

A. J. Baltz, A. S. Goldhaber, and M. Goldhaber, “Solar Neutrino Puzzle:
An Oscillation Solution with Maximal Neutrino Mixzing 7, Phys. Rev. Lett.
81, 5730 (1998).

H. Georgi and S. L. Glashow, “Neutrinos on Earth and in the heavens ”,
Phys. Rev. D 61, 097301 (2000).


http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/0370-2693(80)90825-4
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1007/BF01415558
http://dx.doi.org/10.1103/PhysRevD.85.055018
http://arxiv.org/abs/1108.4416

Bibliography 75

[44]

[45]

[46]

[50]

[51]

[52]

[54]

[55]

N. Li and B.-Q. Ma, “A new parametrization of the neutrino mizing
matriz”, Phys. Lett. B 600, 248 (2004).

P. F. Harrison, D. H. Perkins, and W. G. Scott, “A Redetermination of the
neutrino mass squared difference in tri-maximal mizing with terrestrial
matter effects 7, Phys. Lett. B 458, 79 (1999), arXiv:hep-ph/9904297.

P. F. Harrison, D. H. Perkins, and W. G. Scott, “Tri-bimaximal mizing and
the neutrino oscillation data ”, Phys. Lett. B 530, 167 (2002) ,
arXiv:hep-ph/0202074.

Z. 7. Xing, “Nearly tri bimazximal neutrino mizing and CP violation ", Phys.
Lett. B 533, 85 (2002), arXiv:hep-ph/0204049.

P. F. Harrison and W. G. Scott, “Symmetries and generalizations of tri -
bimazimal neutrino mizing ”, Phys. Lett. B 535, 163 (2002),
arXiv:hep-ph/0203209.

P. F. Harrison and W. G. Scott, “Permutation symmetry, tri - bimazimal
neutrino mixing and the S3 group characters”, Phys. Lett. B 557, 76
(2003), arXiv:hep-ph/0302025.

X. G. He and A. Zee, “Some simple mixing and mass matrices for
neutrinos”, Phys. Lett. B 560, 87 (2003), arXiv:hep-ph/0301092.

L. Wolfenstein, “Oscillations Among Three Neutrino Types and CP
Violation ”, Phys. Rev. D 18, 958 (1978).

Y. Yamanaka, H. Sugawara, and S. Pakvasa, “Permutation Symmetries and
the Fermion Mass Matriz 7, Phys. Rev. D 25, 1895 (1982). [Erratum: Phys.
Rev. D 29, 2135 (1984)].

N. Li and B.-Q. Ma, “Parametrization of neutrino mixing matrix in
tri-bimazimal mizing pattern ”, Phys. Rev. D 71, 017302 (2005),
arXiv:hep-ph/0412126.

G. Altarelli and F. Feruglio, “Neutrino mass textures from oscillations with

mazimal mizing 7, Phys. Lett. B 439, 112 (1998), arXiv:hep-ph/9807353.

G. Altarelli and F. Feruglio, “A Simple grand unification view of neutrino
mizing and fermion mass matrices 7, Phys. Lett. B 451, 388 (1999),
arXiv:hep-ph/9812475.


http://dx.doi.org/10.1016/S0370-2693(99)00438-4
http://arxiv.org/abs/hep-ph/9904297
http://dx.doi.org/10.1016/S0370-2693(02)01336-9
http://arxiv.org/abs/hep-ph/0202074
http://dx.doi.org/10.1016/S0370-2693(02)01649-0
http://dx.doi.org/10.1016/S0370-2693(02)01649-0
http://arxiv.org/abs/hep-ph/0204049
http://dx.doi.org/10.1016/S0370-2693(02)01753-7
http://arxiv.org/abs/hep-ph/0203209
http://dx.doi.org/10.1016/S0370-2693(03)00183-7
http://dx.doi.org/10.1016/S0370-2693(03)00183-7
http://arxiv.org/abs/hep-ph/0302025
http://dx.doi.org/10.1016/S0370-2693(03)00390-3
http://arxiv.org/abs/hep-ph/0301092
http://dx.doi.org/10.1103/PhysRevD.18.958
http://dx.doi.org/10.1103/PhysRevD.25.1895, 10.1103/PhysRevD.29.2135
http://dx.doi.org/10.1103/PhysRevD.71.017302
http://arxiv.org/abs/hep-ph/0412126
http://dx.doi.org/10.1016/S0370-2693(98)01007-7
http://arxiv.org/abs/hep-ph/9807353
http://dx.doi.org/10.1016/S0370-2693(99)00208-7
http://arxiv.org/abs/hep-ph/9812475

Bibliography 76

[56] S. Fukuda et al., [Super-Kamiokande Collab.], “Tau neutrinos favored over
sterile neutrinos in atmospheric muon-neutrino oscillations ”, Phys. Rev.
Lett. 85 (2000) 3999-4003, arXiv:hep-ex/0009001.

[57) M. Apollonio et al., [ CHOOZ Collab.|, “Initial results from the CHOOZ
long baseline reactor neutrino oscillation experiment”, Phys. Lett. B 420,
397 (1998), arXiv:hep-ex/9711002.

[58] M. Apollonio et al., [ CHOOZ Collab.|, “Limits on neutrino oscillations
from the CHOOZ experiment ”, Phys. Lett. B 466, 415 (1999),
arXiv:hep-ex/9907037.

[59] F. Boehm et al., “Final results from the Palo Verde neutrino oscillation

experiment ", Phys. Rev. D 64, 112001 (2001), arXiv:hep-ex/0107009.

[60] Q. R. Ahmad et al., [ SNO Collab.], “Measurement of the rate of
Ve +d — p+p+ e interactions produced by 8B solar neutrinos at the
Sudbury Neutrino Observatory ”, Phys. Rev. Lett. 87, 071301 (2001),
arXiv:nucl-ex/0106015.

[61] H. Fritzsch and Z. Z. Xing,“Lepton mass hierarchy and neutrino
oscillations”, Phys. Lett. B 372, 265 (1996).

[62] H. Fritzsch and Z. Z. Xing,“Large leptonic flavor mizing and the mass
spectrum of leptons ", Phys. Lett. B 440, 313 (1998).

[63] H. Fritzsch and Z. Z. Xing,“Mazimal neutrino mizing and maximal CP
violation ", Phys. Rev. D 61, 073016 (2000).

[64] K. Abe et al., [T2K Collaboration], “Neutrino Oscillation Physics Potential
of the T2K Experiment”, Prog. Theor. Exp. Phys. 043C01 (2015),
arXiv:1409.7469 [hep-ex].

[65] P. Adamson et al., [NOvA Collaboration], “Constraints on Oscillation
Parameters from v. Appearance and v, Disappearance in NOvA ", Phys.
Rev. Lett. 118, 231801 (2017), arXiv: 1703.03328 [hep-ex].

[66] Z. Z. Xing, “The T2K indication of relatively large 015 and a natural
perturbation to the democratic neutrino mixing Pattern ”, Chinese Phys. C
36, 101 (2012), arXiv:1106.3244 [hep-ph].


http://dx.doi.org/10.1103/PhysRevLett.85.3999
http://dx.doi.org/10.1103/PhysRevLett.85.3999
http://arxiv.org/abs/hep-ex/0009001
http://dx.doi.org/10.1016/S0370-2693(97)01476-7
http://dx.doi.org/10.1016/S0370-2693(97)01476-7
http://arxiv.org/abs/hep-ex/9711002
http://dx.doi.org/10.1016/S0370-2693(99)01072-2
http://arxiv.org/abs/hep-ex/9907037
http://dx.doi.org/10.1103/PhysRevD.64.112001
http://arxiv.org/abs/hep-ex/0107009
http://dx.doi.org/10.1103/PhysRevLett.87.071301
http://arxiv.org/abs/nucl-ex/0106015

Bibliography 7

[67]

[68]

[70]

[71]

[72]

[76]

[78]

X. G. He and A. Zee, “Minimal Modification to Tri-bimaximal Mizing ",
Phys. Rev. D 84, 053004 (2011), arXiv:1106.4359 [hep-ph].

Y. J. Zheng and B. Q. Ma, “Re-evaluation of neutrino mizing pattern
according to latest T2K result ”, Eur. Phys. J. Plus 127, 7 (2012),
arXiv:1106.4040 [hep-ph].

E. Ma and D. Wegman, “Nonzero 613 for neutrino mixing in the context of
Ay symmetry ", Phys. Rev. Lett. 107, 061803 (2011), arXiv:1106.4269
[hep-ph].

S. Zhou, “Relatively large 013 and nearly mazimal 023 from the approximate
Ss symmetry of lepton mass matrices ”, Phys. Lett. B 704, 291 (2011),
arXiv:1106.4808 [hep-ph].

T. Araki, “Getting at large 613 with almost mazximal O3 from tri-bimaximal
mizing ", Phys. Rev. D 84, 037301 (2011), arXiv:1106.5211 [hep-ph].

N. Haba, R. Takahashi, “Predictions via large 613 from cascades”, Phys.
Lett. B 702, 388, (2011) arXiv:1106.5926 [hep-ph)].

W. Rodejohann, H. Zhang and S. Zhou, “Systematic search for successful
lepton mizing patterns with nonzero 613 7, arXiv:1107.3970 [hep-ph].

M. -C. Chen, K. T. Mahanthappa, “Leptogenesis in a SUSY SU(5) x T"
Model with Geometrical CP Violation ", arXiv:1107.3856 [hep-ph].

S. Morisi, K. M. Patel, E. Peinado, “Model for T2K indication with maximal
atmospheric angle and tri-mazimal solar angle ”, Phys. Rev. D 84, 053002
(2011), arXiv:1107.0696 [hep-ph].

T. Schwetz, M. Tortola, J. W. F. Valle, “Where we are on 6013: addendum to
Global neutrino data and recent reactor flures: status of three-flavour

oscillation parameters”, arXiv:1108.1376 [hep-ph].

S. Gupta, A. S. Jashipura, K. M. Patel, “Minimal extension of tribimazimal
mizing and generalized Zy x Zy symmetries ”, Phys. Rev. D 85, 031903(R)
(2012).

Q. -H. Cao, S. Khalil, E. Ma, H. Okada,“Nonzero 6,3 for neutrino mizing in
a supersymmetric B-L gauge model with T lepton flavor symmetry ”, Phys.
Rev. D 84, 071302 (2011), arXiv:1108.0570 [hep-ph].



Bibliography 78

[79]

[30]

[81]

[82]

[84]

[39]

A. S. Jashipura, K. M. Patel,“ Viability of the exact tri-bimaximal mixing at
Meyr in SO(10) 7, JHEP 1109, 137 (2011).

K. N. Deepthi, Srinu Gollu and R. Mohanta, “Neutrino mizing matrices with
relatively large 613 and with texture one-zero”, Euro. Phys. J. C 72, 1888
(2012), arXiv:1111.2781 [hep-ph].

K. N. Deepthi and R. Mohanta, “ Possibility of observing Leptonic CP
violation with perturbed Democratic mixing patterns ”, Mod. Phys. Lett. A
27, 250175 (2012), arXiv:1205.4497 [hep-ph].

W. Chao, Y. J. Zheng, “Relatively Large 613 from Modification to the
Tri-bimaximal, Bimaximal and Democratic Neutrino Mizing Matrices ”,
JHEP 1302, 044 (2013).

Srinu Gollu, K.N. Deepthi, R. Mohanta, “Charged lepton correction to
tribimazimal lepton mizing and its implications to neutrino
phenomenology ”, Mod. Phys. Lett. A 28, 1350131 (2013), arXiv:1303.3393

[hep-ph].

D. Marzocca, S. T. Petcov, A. Romanino, M. Spinrath, “Sizeable 613 from
the Charged Lepton Sector in SU(5), (Tri-)Bimazximal Neutrino Mizing and
Dirac CP Violation”, JHEP 11, 9, (2011), arXiv:1108.0614.[hep-ph].

Y. H. Ahn, H. -Y. Cheng, S. Oh, “An extension of tribimaximal lepton
mizing”, Phys. Rev. D 84, 113007 (2011), arXiv:1107.4549 [hep-ph].

R. d. A. Toorop, F. Feruglio, C. Hagedorn, “Discrete Flavour Symmetries in
Light of T2K ", Phys. Lett. B 703, 447, (2011), arXiv:1107.3486 [hep-ph].

P. S. Bhupal Dev, R. N. Mohapatra, M. Severson, “Neutrino Mizings in
SO(10) with Type II Seesaw and 613 7, Phys. Rev. D 84, 053005 (2011)
arXiv:1107.2378 [hep-ph].

D. Meloni, “Bimazimal mizing and large 613 in a SUSY SU(5) model based
on S4 7, JHEP 1110, 010 (2011), arXiv:1107.0221 [hep-ph].

D. Marzocca, S. T. Petcov, A. Romanino and M.C. Sevilla,“Nonzero |U,s|
from charged lepton corrections and the atmospheric neutrino mixing
angle ”, JHEP, 1305, 073 (2013), arXiv:1302.0423 [hep-ph].



Bibliography 79

[90]

[91]

[92]

[96]

[97]

[98]

[99]

J. Alberto Acosta, A. Aranda, M. A. Buen-Abad, A. D. Rojas,
“Non-diagonal charged lepton mass matriz and non-zero 613 7, Phys. Lett. B
718, 1413 (2013).

P. H. Frampton, S. T. Petcov and W. Rodejohann, “On Deviations from
Bimaximal Neutrino Mizing ”, Nucl. Phys. B 687, 31 (2004),
arXiv:hep-ph/0401206.

G. Altarelli, F. Feruglio and I. Masina, “Can neutrino mixings arise from the
charged lepton sector?”, Nucl. Phys. B 689, 157 (2004),
arXiv:hep-ph/0402155.

S. Antusch and S. F. King, “Neutrino mizxing from the charged lepton sector
with sequential right-handed lepton dominance ”, Phys. Lett. B 591, 104
(2004), arXiv:hep-ph/0403053.

R. N. Mohapatra and W. Rodejohann, “Broken mu-tau symmetry and
leptonic CP wiolation ”, Phys. Rev. D 72, 053001, (2005),
arXiv:hep-ph/0507312.

S. Antusch and S. F. King,“Lepton Flavour Violation in the Constrained
MSSM with Constrained Sequential Dominance ”, Phys. Lett. B 659, 640
(2008), arXiv:0709.0666 [hep-ph].

Y. H. Ahn, Hai-Yang Cheng, Sechul Oh, “Recent neutrino data and a
realistic tribimaximal-like neutrino mizing matriz ", Phys. Lett. B 715, 203
(2012) arXiv:1105.4460 [hep-ph]; “Quark-lepton complementarity and

tribimazimal neutrino mizing from discrete symmetry ”, Phys. Rev. D 83,
076012 (2011).

J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).

M. Raidal, “Relation between the neutrino and quark mixing angles and grand
unification ”, Phys. Rev. Lett. 93, 161801 (2004), [arXiv:hep-ph/0404046].

H. Minakata and A. Y. Smirnov,“Neutrino mizing and quark-lepton
complementarity ”, Phys. Rev. D 70, 073009 (2004) [arXiv:hep-ph/0405088].

[100] K. A. Hochmuth, W. Rodejohann, “Low and High Energy Phenomenology

of Quark-Lepton Complementarity Scenarios”, Phys. Rev. D 75, 073001
(2007), [arXiv:hep-ph/060710].



Bibliography 80

[101] K. A. Hochmuth, S. T. Petcov, W. Rodejohann, “Upyns = UJUV 7, Phys.
Lett. B 654, 177 (2007), arXiv:0706.2975 [hep-ph].

[102] R. d. A. Toorop, F. Bazzocchi, L. Merlo, “ The interplay between GUT and
flavour symmetries in a Pati-Salam xSy model”, JHEP 1008, 001 (2010),
arXiv:1003.4502 [hep-ph].

[103] J. Barranco, F. Gonzalez Canales, A. Mondragon, “ Universal mass texture,
CP wviolation and quark-lepton complementarity ”, Phys. Rev. D 82, 073010
(2010), arXiv:1004.3781 [hep-ph].

[104] Y. Shimizu, R. Takahashi, “ Deviations from Tri-Bimazimality and
Quark-Lepton Complementarity ", Euro. Phys. Lett. 93, 61001 (2011),
[arXiv:1009.5504 [hep-ph]].

[105] J. Barry and W. Rodejohann, “Neutrino Mass Sum-rules in Flavor
Symmetry Models”, Nucl. Phys. B 842, 33 (2011) [arXiv:1007.5217

hep-ph].
[106] P. A. R. Ade et al, [Planck Collaboration], “Planck 2013 results. X VI.

Cosmological parameters”, arXiv:1303.5076 [astro-ph].

[107] V. N. Aseev et al., “An upper limit on electron antineutrino mass from
Troitsk experiment ”, Phys. Rev. D 84, 112003 (2011).

[108] S. Fischer [KATRIN collaboration|, “Status of the KATRIN experiment ",
Pos EPS-HEP 2011, 097 (2011)

[109] P. A. R Ade et al [Planck Collaboration|, “Planck 2015 results. XIII.
Cosmological parameters”, arXiv:1502.01589 [astro-ph.CO].

[110] S. T. Petcov,“Predicting the values of the leptonic CP violation phases in
theories with discrete flavour symmetries ”, Nucl. Phys. B 892, 400 (2015)
[arXiv:1405.6006 [hep-ph]].

[111] G. Altarelli and F. Feruglio, “Tri-bimaximal neutrino mizing, Ay and the
modular symmetry ”, Nucl. Phys. B 741, 251 (2006).

[112] G. Altarelli, F. Feruglio, L. Merlo, “Revisiting Bimazimal Neutrino Mizing
in a Model with Sy Discrete Symmetry ”, JHEP 0905, 020 (2009).



Bibliography 81

[113] F. P. An et al. [DAYA-BAY Collaboration|, “Observation of
electron-antineutrino disappearance at Daya Bay”, Phys. Rev. Lett. 108,
171803 (2012), [arXiv:1203.1669 [hep-ex]].

[114] K. Abe et al., “Observation of Electron Neutrino Appearance in a Muon
Neutrino Beam ”, Phys. Rev. Lett. 112, 061802 (2014).

[115] S. N. Gninenko, “Sterile neutrino decay as a common origin for LSND
/MiniBooNe and T2K excess events”, Phys. Rev. D 85, 051702(R), (2012),
arXiv:1107.0279 [hep-ph].

[116] Y. Shimizu, M. Tanimoto, and Kei Yamamoto, “Predicting CP violation in
Deuviation from Tri-bimaximal mizing of Neutrinos”, Mod. Phys. Lett. A
30, 1550002 (2015), arXiv:1405.1521 [hep-ph].

[117] Sruthilaya M., Soumya C., K. N. Deepthi, R. Mohanta, “ Predicting
Leptonic CP phase by considering deviations in charged lepton and neutrino
sectors ”, New J.Phys. 17, 083028 (2015), arXiv:1408.4392 [hep-ph].

[118] H. Zhang and S. Zhou, “Radiative corrections and explicit perturbations to
the tetra-mazimal neutrino mizing with large 613”7, Phys. Lett. B 70, 296
(2011), arXiv:1107.1097 [hep-ph].

[119] Shao-Feng Ge, Duane A. Dicus, Wayne W. Repko, “Residual Symmetries
for Neutrino mizing with a Large 613 and Nearly Maximal ép 7, Phys. Rev.
Lett. 108, 041801 (2012), arXiv:1108.0964 [hep-ph].

[120] H. J. He and F. R. Yin, “Common origin of i — 7 and CP breaking in the
neutrino seesaw,baryon asymmetry, and hidden flavor symmetry ”, Phys.
Rev. D 84, 033009 (2011).

[121] S. Kumar, “Implications of a class of neutrino mass matrices with texture
zeros for non-zero 0137, Phys. Rev. D 84, 077301 (2011), arXiv:1108.2137

[hep-ph].

[122] M. Sruthilaya and Srinu Gollu, “Perturbation to TBM mizing and its
phenomenological implications ”, Mod. Phys. Lett. A 31 no.38, 1650207
(2016), arXiv:1609.09609 [hep-ph].

[123] X.-G. He, Y.-Y. Keum and R. Volkas, “A, flavor symmetry breaking scheme
for understanding quark and neutrino mixing angles ”, JHEP 0604, 39
(2006) [arXiv:hep-ph/0601001].



Bibliography 82

[124] W. Rodejohann, “Neutrinoless double-beta decay and neutrino physics”,
Journ. Phys. G 39, 124008 (2012), [arXiv:1206.2560].

[125] K. Asakura et al., [KamLAND-Zen Collaboration], “Search for double-beta
decay of % Xe to excited states of 3¢ Ba with KamLAND-Zen experiment ™,
Nucl. Phys. A 946, 171 (2016).

[126] M. Auger et al., [EXO-200 Collaboration|,“Search for Neutrinoless Double
-Beta Decay in '3 Xe with EXO-2007, Phys. Rev. Lett. 109, 032505 (2012).

[127] M. Agostini et al., [GERDA Collaboration], “Results on Neutrinoless
Double-f3 Decay of "°Ge from Phase I of the GERDA Experiment”, Phys.
Rev. Lett. 111, 122503 (2013), [arXiv:1307.4720].



List of Publications

1. Neutrino mizing matrices with relatively large 613 and with texture one-zero,
K.N. Deepthi, Srinu Gollu, R. Mohanta, Eur. Phys. J. C 72, 1888 (2012)
larXiv:1111.2781 [hep-ph]].

2. Charged lepton correction to tribimaximal lepton mizing and its implications
to neutrino phenomenology, Srinu Gollu, K.N. Deepthi, R. Mohanta, Mod.
Phys. Lett. A 28, 1350131 (2013) [arXiv:1303.3393 [hep-ph]].

3. Perturbation to TBM mizing and its phenomenological implications, M. Sruthi-
laya and Srinu Gollu, Mod. Phys. Lett. A 31 1n0.38, 1650207 (2016)
[arXiv:1609.09609 [hep-ph]].

83






Study of some phenomenological
aspects of Neutrino Mixing

by Srinu G

Submission date: 09-Aug-2018 04:10PM (UT C+0530)
Submission ID: 988690413

File name: Srinu-Thesis.pdf (4.17M)

Word count: 18053

Character count: 83940






Study of some phenomenological aspects of Neutrino Mixing

ORIGINALITY REPORT

20 7. 24, 5y

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

GOLLU, SRINU, K. N. DEEPTHI, and R.
MOHANTA. "CHARGED LEPTON
CORRECTION TO TRI-BIMAXIMAL LEPTON
MIXING AND ITS IMPLICATIONS TO
NEUTRINO PHENOMENOLOGY", Modern
Physics Letters A, 2013.

Publication

124

Submitted to University of Hyderabad,
Hyderabad

Student Paper

2

M. Sruthilaya, R. Mohanta. "Non-zero $$\theta
_{13}%% 6 13 and leptonic CP phase with

$PA 43% A 4 symmetry"”, The European
Physical Journal C, 2017

Publication

1o

Sruthilaya, M, C Soumya, K N Deepthi, and R
Mohanta. "Predicting leptonic CP phase by
considering deviations in charged lepton and
neutrino sectors”, New Journal of Physics,
2015.

Publication

1o







89

This is to certify that the thesis entitled “Study of some phenomenological aspects
of Neutrino Mixing” has been screened by the Turnitin software at the library of
University of Hyderabad. The software shows 27% similarity index, out of which
12% has come from the candidate’s own research article related to this thesis.
The major part of remaining 15% might have come from his other articles and the
use of some scientific terms and equations, which have not been detected by the

software. Therefore, this thesis is free from plagiarism.

Prof. Rukmani Mohanta

(Thesis Supervisor )



	Declaration
	Certificate
	Acknowledgements
	Abstract
	List of Figures
	1 Introduction
	1.1 History of Neutrino
	1.2 Standard Model: Theory of Fundamental Interactions
	1.2.1 Fermions
	1.2.1.1 Quarks
	1.2.1.2 Leptons

	1.2.2 Bosons

	1.3 Symmetries in Standard Model
	1.3.1 Strong Interaction
	1.3.2 Electroweak Interaction

	1.4 Higgs Mechanism
	1.4.1 Masses to gauge fields
	1.4.2 Masses to fermion fields

	1.5 Neutrinos in Standard Model
	1.6 Beyond Standard Model
	1.7 Thesis Overview

	2 Neutrino Oscillation 
	2.1 Introduction
	2.2 Theory
	2.2.1 Two flavor oscillations in vacuum
	2.2.2 Three Flavor Neutrino Oscillation in Vacuum

	2.3 Neutrino oscillation in matter
	2.3.1 Two flavor oscillations in matter

	2.4 Current status of neutrino mixing parameters

	3 Neutrino Mass - Mechanisms and Models 
	3.1 Neutrino mass models
	3.2 See-saw mechanism
	3.2.1 Type-I See-saw mechanism
	3.2.2 Type-II see-saw mechanism
	3.2.3 Type-III seesaw

	3.3 Neutrino mixing models
	3.3.1 Bimaximal mixing pattern
	3.3.2 Tri-Bimaximal mixing pattern (TBM)
	3.3.3 Democratic mixing pattern


	4 Charged lepton correction to tribimaximal lepton mixing and its implications to neutrino phenomenology
	4.1 Introduction
	4.2 Methodology
	4.3 Results and Discussion

	5 Perturbation to TBM mixing and its phenomenological implications 
	5.1 Introduction
	5.2 The Lepton mixing matrix
	5.3 Perturbation in neutrino sector
	5.4 Conclusions

	6 Summary and Conclusion
	Bibliography

