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Abstract

The discovery of neutrino oscillation confirmed that neutrinos are massive and flavor eigen-
states are mixture of mass eigenstates. Thus, many experiments focused on determining
neutrino mass and mixing. As a result most of the oscillation parameters are measured pre-
cisely and it is confirmed that atleast two of active neutrinos are massive but the masses
are very small demanding a different origin for neutrino mass from other fermion masses.
Various seesaw mechanisms explain tiny neutrino mass but not the mixing. If it is only the
SM symmetry that governs particle interactions then all the parameters in active neutrino
mass matrix are independent from each other. But if there exists flavor symmetry, one which
relates fermions of different generations then the number of free parameters in neutrino mass
matrix reduces. As a result the neutrino mixing matrix takes some special forms such as
tribimaximal mixing, bimaximal mixing, golden ratio A, golden ratio B, hexagonal mixing
etc. All these forms of neutrino mixing matrix predict mixing angles other than #,3 close to
the experimental values but have vanishing 6,3 while oscillation experiments measure mod-
erately large ;3. Hence, we consider the effect of perturbations to these mixing matrices and
find that the above mentioned mixing matrices with suitable perturbations can accommodate
non-zero f13. Then we consider a model based on A, symmetry which gives co-bimaximal
form for neutrino mixing matrix at leading order while correction in neutrino sector from
effective dimensional five operators modify the mixing matrix. We also study the implica-
tions of the model in lepton flavor violation decay p — ey. We then study A, realization
of linear seesaw where SM symmetry is extended with A4 x Z4 X Z3 and a global symmetry
U(1)x which is broken explicitly in Higgs potential. We found that for chosen representa-
tions of fields under symmetry groups of the model the mixing parameters obtained are inline
with experimental observations. Moreover, we discuss the scope of this model to explain the
baryon asymmetry of the universe through Leptogenesis and the possibility of probing the

non-unitarity effect in this scenario.
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Chapter 1

Introduction

Neutrinos are the lightest fermions belonging to the lepton family of elementary particles.
Being colourless and electrically neutral, they are sensitive only to weak interactions, hence
interact very rarely, which made them hidden from rest of the universe for a very long time
until some conscious efforts were made to observe them as the existence of neutrino was
predicted by theory to explain beta decay. There exists three flavors of neutrinos: electron
(ve), muon (v,) and tau (v, ) neutrinos corresponding to their charged lepton partners electron
(e), muon (i) and tau (7). Electron anti-neutrino was first detected in a reactor neutrino
experiment by Reins and Cowan in 1956 [1} 2], for which Reins received Nobel prize in 1995.
Later in 1962 Lederman, Schwartz and Steinberger discovered muon neutrino [3] and won
Nobel prize in 1988 while tau neutrino was discovered in 2000 by DONUT collaboration [4].
Pauli proposed the existence of neutrinos in order to show that beta decay does not violate
any of the conservation laws, such as energy-momentum conservation and angular momentum
conservation. Prior to it, beta decay was thought to be a two body process where a neutron
inside a nucleus is converted into a proton by emitting an electron. Being a two body problem
and the daughter nuclei is almost at rest, the energy-momentum conservation suggests energy
spectrum of emitted electron to be discrete with energy close to the binding energy of the
nucleus and recoiling of the nucleus to be opposite to the direction of emission of electron.
But energy spectrum of beta decay was found to be continuous [5] and the recoiling of
nucleus was not exactly opposite to the direction of emission of electron. Other than this,
beta decay as a two body problem seems to violate angular momentum conservation as a
spin-half particle decays into two spin-half particles. To explain this spectacular result, Pauli
suggested that in beta decay along with electron a neutral spin-half particle is also emitted
and the binding energy is distributed among them. These particles later named as neutrino
meaning ‘little neutral one’ by Fermi. In [-decay, the maximum energy of electrons is close

to the binding energy of nucleus suggesting neutrinos are almost massless. Being light and
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not yet observed suggest that neutrinos are rarely interacting. The maximum energy electron
can have depends upon the mass of neutrino. Hence, the [-decay spectrum is sensitive to
neutrino mass and the effect of neutrino mass on S-decay spectrum is well visualized by Kurie

plot, which is shown in Fig. [I.]
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Figure 1.1: Kurie plot taken from [6]. The plot shows the variation in the endpoint energy
of emitted electrons with non-zero neutrino mass

The beta decay experiments could only set an upper bound on neutrino mass till date [7], as
the mass of neutrinos are well below the experimental sensitivity. Hence, many beta decay
experiments are designed with improved sensitivity for direct measurement of neutrino mass
[8, 9].

Incorporating Pauli’s idea and inspired by electromagnetic interaction, Fermi put forward
four-fermion interaction as the mechanism behind 5 decay [10]. Fermi proposed electrons
and neutrinos are created during the transition of neutron to proton like photons are cre-
ated during the emission by an atom. Hence, beta decay rate is proportional to transition
probability. Fermi also gave a formula to calculate transition probability, which is named as
Fermi’s golden rule. Thus, Fermi’s theory allowed to calculate beta decay life-time, also gives
a quantitative description of beta decay emission spectrum. Fermi’s four-fermion interaction
with suitable amendments in response to experimental discoveries [I1] [12], 13] evolved to the
present form of weak interaction which serves a major part of the well established theory, the
Standard Model (SM) of particle physics.

Even though SM explains most of the phenomenon in the universe and its predictions are
verified with great accuracy, there are some problems, such as the existence of dark matter

[14, 15], matter-antimatter asymmetry [16], etc which are beyond the scope of SM hence,
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hint towards Physics beyond SM. Among all the elementary particles, neutrino is the only
particle which behaves differently from SM predictions. Right-handed neutrinos are absent
in the standard model as they were neither observed [I7] nor needed for the completeness
of SM. In standard model all fermions that interact with Higgs get their mass due to its
non-zero vacuum expectation value. Higgs interacts with a left-handed and a right-handed
fermion hence, does not interact with neutrinos keeping neutrinos massless in SM. But they
are found to be massive falsifying the SM prediction. Neutrinos are proved to be massive by
the experimental confirmation of neutrino oscillation [I8, 19, 20, 21], a phenomenon in which
neutrino changes its flavor as it propagates [22, [23]. Neutrino oscillation demands neutrino
flavor states different from mass states [24], hence, atleast one of the mass states should be
non-degenerate i.e., atleast one among the three neutrinos is massive [25, 26].

Neutrino oscillation experiments probe neutrino mixing and mass squared differences, hence,
the structure of neutrino mass matrix which in turn gives an idea about the symmetry across
the generations and perhaps an explanation for existence of three generations of fermions for
which SM has no answer. And beta decay [27], neutrinoless double beta decay (0v/3(3) [28] and
cosmological bound on sum of neutrino mass give the idea about the absolute scale of neutrino
mass. Hence these experiments collectively uncover neutrino mass sector making neutrino a
good place to look for the nature of new physics beyond SM. No standard model particles can
account for the dark matter also matter-antimatter asymmetry requires CP violation [29].
The only source of CP violation in the SM is from the complex elements in CKM matrix that
relate flavor and mass states of down type quarks which is not enough to account for the
observed asymmetry. Mass models for neutrino require extension of SM in terms of particle
content, the new particles can be dark matter candidates [30, 31, 32, 33, 34 35, 36] and
complex elements in neutrino mass matrix can add up the CP violation hence, give rise to
correct matter-antimatter asymmetry [37, 38, 39]. A right model for neutrino mass may solve
the mystery of dark matter and matter-antimatter asymmetry. Hence, building a model to

explain neutrino mass is a step towards finding a theory which explains all these mysteries.

1.1 Standard Model of particle physics

SM includes all the elementary particles discovered till now and describes the fundamental
interactions strong, electromagnetic, and weak based on the gauge groups SU (3)¢ x SU(2) X
U(1l)y [40]. SU(3)c describes the strong interaction [41] while SU(2), x U(1)y describes
the electroweak interaction which unifies electromagnetic and weak interactions [42]. The

elementary particles belong to different representations of SM symmetry group as shown in
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Table .11
Fields SUB)c | SU2)L | U(l)y
o) G () e e
¢ Jr ) )L
€R, R, TR 1 1 -2

VR
QU
N~
h\.

VR
w O
~
h\-

/N
[S SN
~—
h

w
[\
W=

UR, CR, tR 3 1 %
dR, SR, bR 3 1 —%
H 1 2 1

Table 1.1: Fermion and scalar contents of SM model along with their SU(3)¢c x SU(2)L
representations and hypercharge.

SM classifies the elementary particles based on their properties into different categories:
fermions and bosons. Fermions are again classified into two groups quarks and leptons while
bosons are of two types, gauge bosons with spin one (vector bosons) and Higgs boson with spin
zero (scalar boson). Quarks and leptons are two classes of fermions, the one which is sensitive
to strong interaction falls into quarks category while the one which is not into leptons. Quarks
belong to triplet representation of SU(3)c hence, there are three equivalent states of each
quark species which differ from each other by color, the charge of strong interaction. Fermions
are put into three generations and the stability of fermions decreases as going from first to
third. Gauge bosons are spin 1 particles that mediate interactions and Higgs, the only spin-
0 boson in SM gives masses to all elementary particles. Strong interactions are mediated
by eight types of gluons, W and Z bosons mediate weak interactions while electromagnetic

interactions are mediated by photons.

Strong interaction: The strong interaction is dictated by SU(3) local symmetry, which
is a non-abelian symmetry. SU(3)c symmetry requires the physics to be invariant under
the local SU(3) transformation in color space, where a triplet, ¥ (z)7 = (¢! (x), ¥*(z), ¢3(z))

transforms as

U(@) = (). (1)
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Qg, a = 1,.....,8 are group parameters and T, are generators of SU(3) symmetry and obey
the commutation relation

[Tm Tb] = Z.fabcjvc ) (12)

where f,,. are real constants known as structure constants of the group. Hence, the La-

grangian of a color triplet is given by

o 1

£ = () (170, — m) () — g, (B T (@) G2 — G2, G (1.3)

4

where

GZI/ = a,uGg - aVGZ - gsfachZGf, . (14)

G, are the gauge boson (gluon) fields and transform under SU(3) as
1
GZ — GZ - ;auaa - fabcabG; ) (15)

introduced to ensure SU(3) local symmetry. The first term in the Lagrangian is the
kinetic and mass term of the field v, second term is the interaction between the field ¢ and
gluons and the last term is the kinetic energy and self-interaction of gluons. Mass terms for
gluons, G.G% are absent in the Lagrangian, as such terms spoil the SU(3) symmetry. Hence,
SU(3) symmetry results in eight massless gluons. Equation is the interaction Lagrangian
describing a color triplet and eight massless gluons which tells that any particle which has
color interacts with gluons with a coupling g,. Hence, strong interaction between particles
are mediated by eight types of self-interacting massless gluons. Quarks are triplet under
SU(3)c while leptons are singlets, hence, the above Lagrangian describes the interactions of

quarks with gluons.

Electroweak interaction: Electroweak interaction is governed by SU(2), x U(1)y sym-
metry [43]. The subscript L on SU(2) indicates only left-chiral fields have non trivial rep-
resentation under SU(2), in other words only left-chiral fields transform under SU(2),, [44].
The transformation property of particle under SU(2),, is defined by its Isospin (/) while that
under U(1)y by hypercharge (Y') which are related to electric charge (@) of particle as

Q=Is+3 . (1.6

where I3 is the third component of Isospin which changes from I to —I in steps of one from
top to bottom within SU(2), multiplet. A particle with Isospin I belongs to a multiplet of

dimension 27 + 1, for example particle with Isospin % belongs to a doublet. Fermion content
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of SM belongs to different representation of SU(2), x U(1)y as shown in Table [1.1] The
left chiral projections of fermions belong to SU(2), doublet while right chiral projections are
singlet. Both left and right chiral fields have nonzero hypercharge. For example, left chiral
projection of electron along with electron neutrino form an isospin doublet having hyperchage
—1, while right chiral projection of electron is an isospin singlet with hypercharge —2 and
right handed neutrinos are absent in SM. Hence, under SU(2), x U(1)y the left and right

chiral projections of fermions transform as

XL = eia(x).‘reiﬂ(x)YLXL :

v = Py (1.7)

where 7; = 10,, 0;’s are Pauli matrices given by

01 0 —i 1 0
01:(10>, 02:<i O), 0'3:(0_1). (18)

Y}, and Yy are hypercharge of xr, and i respectively, xr, is isospin doublet and v is isospin

singlet. The left and right chiral projections of fermion field 1 is given by
(1+7°) e, (1.9)
(1-7")v, (1.10)

where Prj, = 1 (1+4°) are the projection operators. The SU(2), x U(1)y invariant La-

grangian describing x; and ¢p is given by

_ ) Y,
L = xu " (z@u — gt W, — g’2LBu> XL
- w /YR 1 v 1 Qv
+ wR’y Zau — g 7BM 1/JR — ZWNVW — ZB’uVB R (111)

where W,,,, and B,,, are given by

W = W, —9,W,—gW, xW,,
B,, = 9,B,—08,B,. (1.12)

The gauge fields W, = {W, W? , W?}, transform under SU(2). as

W, = W, — ;8Ma(m) —alz) x W, , (1.13)
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while B, transforms under U(1)y as
1
B“—>BM—? LB (). (1.14)

The left-handed chiral field y, in (1.11]) represents all isospin doublets of elementary fermions

and g represents all right handed fermions of SM. For example, for

er

XL = ( Vel ) . Yr=ecn, (1.15)

the Lagrangian ([1.11]) describes electron and electron-type neutrino. Substituting (1.15]) in
Eq. (1.11)), we obtain

_ 28 0 Ver,
L = (o G
(Perer) ( 0 zau) ( er )

1 u ( 9W3+g'YLBu g(Wj —zWi) ) ( Ver, )

- 5 (DeLéL) Y )
2 g (Wh+iW?) —gW?+g'V.B, er

1
Lo (ia# _ 2g’YRBM> en (1.16)

with Y, = —1 and Yz = —2. From Eq. one can identify the linear combination of
W, and W2 given by W, = % (Wj + ZWE) as the field, that annihilates W* and creates
W~ gauge bosons of weak interaction. The neutral field Wl‘j’ is inadequate to describe Z
boson, the neutral weak gauge boson, as it couples to both left and right chiral fields, while
Wl‘j’ interacts only with left chiral fields. So SU(2), symmetry is insufficient to explain weak
interaction, this led to the unification of electromagnetic and weak interaction. The gauge
field B, is neutral and couples with both left and right chiral fields, hence, it should be one
of the two linear combination of Wj and B, that describes Z boson while the other gives

photon field A, [42]. Two orthogonal combinations of neutral gauge fields Wj and B, that
give the physical fields Z, and A,, are given by

Z, = —Bﬂsin9W+WSCOSQW,
A, = Bjcosby + W7 sinfy (1.17)

where 6y is known as weak mixing angle or Weinberg angle which relates the coupling

constants g, ¢ and electromagnetic coupling e, as gsinfy, = ¢’ cosfy = e. In the basis of
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physical gauge fields, interaction part of the Lagrangian is given by

9 [t __9 _ et
Ling = NG {] W, + h.c.} o Gw‘]NCZ“ ejh A, (1.18)
where j, is the weak charged current
1
o AT _ AP
=ty (1 0 )e, (1.19)
Jhe is the weak neutral current
Y = A 1 v v .5 =, p,]' e e.b
INCG = Ve g (gv —9a7 ) Ve + €7 B <9V — 947 ) €, (1.20)
with
g‘f/ = I:{ —2sin? Oy g’ | gf; = I?J: , (1.21)
and j%  is the electromagnetic current
Jem = qa€"e (1.22)

where ¢ is the electric charge of fermion f in units of e, for charged leptons it is —1, for

2

up-type quark it is £

and for down-type quark —%. Similarly, quarks also posses same kind
of interactions to preserve SU(2); x U(1)y symmetry. Hence, SU(2), x U(1l)y symmetry
defines charged and neutral weak currents and electromagnetic current.

The mass terms for fermions as well as that of gauge bosons are absent in the electroweak La-
grangian, as such terms do not respect SU(2);, symmetry. The fermion mass term, qu/_JLwR
is not invariant under SM symmetry as SU(2); x U(1l)y transformations distinguish the
left (¢1) and right (1g) chiral projections of fermions. Hence, the symmetry demands all
elementary fermions and gauge bosons to be massless but in reality all fermions and weak
gauge bosons (W* and Z) are massive while gluons and photons are massless. Hence, to
explain masses of fermions and weak gauge bosons SU(2);, x U(1)y symmetry has to be
broken but an explicit breaking of symmetry by mass terms of gauge bosons make the theory
non-renormalizable hence, meaning less. Higgs mechanism is the resolution for the nonzero
masses of particles where particle get mass when local gauge symmetry breaks spontaneously

by the nonzero vacuum expectation value of Higgs field.
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1.1.1 Higgs mechanism

Spontaneous breaking of global gauge symmetry: The Lagrangian describing a com-

plex scalar field ¢ = % (¢1 + i) given by
L = (0u0)" (0") — 16”0 — AN¢"9)* , (1.23)
is invariant under global U(1) transformation of ¢
¢ — . (1.24)

For p? > 0, the second and third terms in the above Lagrangian is the potential V' (¢) of a
scalar field with mass m and ground state at zero, as minimum value of the scalar potential
corresponds to ¢ = 0. But if 42 < 0 it can not be the mass of the field as it has a wrong sign
also ¢ = 0 no longer gives a minima of the potential, which can be seen by looking into the

conditions for minima

V(9)

N 12+ Mot + 65) =0, (1.25)
a;";('f) >0 = g+ 3N(@? + ¢3) > 0. (1.26)

Solutions of the first condition ([1.25)) are ¢ = 0 and (¢? + ¢3) = —(u*/\) while the second
condition (1.26]) is satisfied only for (¢7 4+ ¢3) = —(u?/)). Hence, all points in ¢; — ¢ plane
that satisfy the condition (¢?+¢3) = —(u?/)) correspond to a minimum which is an outcome
of U(1) symmetry, as all those points are connected by U(1) transformations. So there are
many possible ground states for ¢ and one among them can be chosen as the ground state.
The symmetry breaks down, once the choice is made hence, called spontaneous symmetry
breaking. One can chose the ground state ¢ = v = /—(u2/A), e.g., ¢1 = v and ¢ = 0 as all
the possible ground states are equivalent. The field ¢(z) can be expressed in terms of fields

n(xz) and () as a small fluctuation from its ground state v as

o) = jﬁ v+ n(x) +i€(x)]. (1.27)

The Lagrangian £ can be expanded about the ground state by substituting Eq. (1.27) in

[23) as
1

L= 5(8“5)(8“5) + ;((%77)(8“77) — (MW*n? + const + -+ - ), (1.28)

where the dots stand for cubic and quartic terms in n and &. The above Lagrangian (|1.2§]),

describes a massive real scalar field n with mass v2Av? and a massless one &, known as
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Goldstone boson [45]. One can see that when a local gauge symmetry breaks spontaneously
the resulting massless fields are unphysical and serve as extra degrees of freedom required for

gauge bosons to become massive [46, [47]. This is known as Higgs mechanism.

Spontaneous breaking of local U(1) symmetry [47]: U(1) local gauge symmetry de-

mands the Lagrangian to be invariant under a transformation

b — @ (1.29)
hence, should be in the form
1
L= (B +ieA,)¢" (0" — ieAM)) — i26"6 — N(6"0) — 3 FyuF"™ (1.30)
where
F,=0,A,—-0,A,, (1.31)
and the gauge field A, transforms as
1
A, — A+ g@ua(x) . (1.32)

Substituting Eq. (1.27) into (1.30]), one obtains

L= S0 + 5Om)(@"n) — M + S A, A"

1
— evA,0"¢(x) — ZFWFW +h.o., (1.33)

which describes a massless fermion £ and a massive fermion 7 along with massive gauge boson
A, but has an extra degree of freedom compared to the Lagrangian in Eq. (1.30)), which means
one of the scalar fields is unphysical. The unphysical scalar field can be removed by proper

gauge transformation. To see this one should choose the representation of ¢ as

1 ;0
o= 5oty (134

where both h(z) and 6(z) are real scalar fields. The phase part of ¢ can be removed by the

U(1) transformation

0

= e, (1.35)

10
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for which the Lagrangian is invariant along with the gauge field transformed as
A — A L
w = Ay — @Gue(x) . (1.36)

Substituting ¢’ in Eq. ((1.30)), yields

1 1 1
L = 5 (0,h(x))* — M?h(x)? + 56271214;2 v wF" +ho. . (1.37)

Now the theory is free of massless fields. In a similar way SU(2) gauge boson masses are
generated dynamically when the symmetry is broken by nonzero vacuum expectation value

of Higgs doublet.

Spontaneous breaking of Local SU(2) gauge symmetry: The Lagrangian describing
the field ¢, a SU(2) doublet of complex scalar fields, which preserves local SU(2) gauge

symmetry is given by

1

L= (0,0 +igr.-W ,0)T (88¢ + igT WHe) — V(¢) W W (1.38)
where
L | o1+ i
= ; 1.39
¢ V2 | ¢35+ idy (139)
and
V(¢) = 1*d' + Ao'9)? (1.40)
is the Higgs potential with y? < 0. Thus, it has the minimum at
i L/ 2 3 2 ,U2
oo =5 (61 + 3+ 05 +07) =, (1.41)

and one can chose the vacuum as

110
3] o

and the invariance under SU(2) transformation ¢ — €*7¢ allows to expand ¢ about the

vacuull as

0 ] | (1.43)

Substituting ¢ in Eq. (1.38) gives

1

1 2 YWIRCINE e 32
L= (Ouh(x))’ = M?h(x)’ + 5 (wiwe + W) 1

W, W +ho. (1.44)

11
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Thus, the particle content of the theory includes three massive gauge bosons, W+, W? with
mass %gv, a scalar with mass Av and no massless particles. This shows breaking of SU(2)
symmetry by a SU(2) doublet Higgs generate mass for all three gauge bosons, this is the key

for generating mass for three gauge bosons W= and Z of weak interaction.

1.1.2 Weinberg Salam model

Weinberg-Salam model explains mass generation of weak gauge bosons and fermions by
applying Higgs mechanism to electroweak theory. Out of four gauge bosons of electroweak
interaction one is massless implying a U(1) symmetry is preserved even after the spontaneous
breaking of SU(2), x U(1)y symmetry. The symmetry can be identified as U(1)en, symmetry
of electromagnetic interaction as it is the photon that remains massless. Hence, the Higgs
field should break SU(2), x U(1)y to U(1)em. The Higgs doublet with hypercharge +1 serves
the purpose [42]. Nonzero vacuum expectation value of neutral component of Higgs doublet
breaks electroweak symmetry and generates mass for weak gauge bosons keeping photons
massless [42]. Interestingly the same Higgs field can generate mass for quarks and charged
leptons.

A Higgs doublet with hypercharge Y = 1 is given by

¢+
Al »

where both ¢ and ¢" are complex fields with charge +1 and zero respectively. Since the

photon is charge-less vacuum should be electrically neutral. Hence, the vacuum is chosen as

(@) = { ’ } . (1.46)

The term in the Lagrangian describing ¢, relevant for mass generation of gauge bosons is

given by
2
. g
Emass = ‘(—ZQT.W“ - ZQBM> <¢> (147)
Substituting the value of (¢) from (1.46)), in the above equation gives
1 2 1, 12 1 1172
Linass = g(gv) [(Wu + ZWN) (W f oW M)}
1 g AN
+ g(gv)2 WWaH — 2§W33“ + (g) B,B"|, (1.48)

12
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which in terms of physical gauge boson fields W,, Z, and A, is,

1
Lomgss = My WIW" + = [M72,7" + M3A, A, (1.49)
where
1 1 gv
My = = M, — =
W 29" 77 92 cos by’

My = 0.

Thus, weak gauge bosons become massive as electroweak symmetry breaks spontaneously by
nonzero vacuum expectation value of Higgs doublet, while photon remains massless.

The above mass relations give the ratio

M
FV;/ = cos Oy , (1.50)

predicting the mass of W bosons to be less than or equal to that of Z boson and relative
M,

strength of charged current and neutral current interaction in low energy limit, p = VR
zZ

as one. Experimental value of p is found to be 0.9980 4 0.0086, agreeing with the model. The

mass of W boson is related to the Fermi constant G as

GF_ g9’

V2 8Mg

Substituting M, = 1¢°v? and Gp = 1.16638 x 107° in the above equation fixes the VEV of

Higgs doublet, % to be 174 GeV.
Under SU(2) x U(1)y, the product L, r¥sr of isospin doublet of left-handed leptons LY, =

(1.51)

(Va, lo); and right-handed leptons lgg for a, f = e, p, 7 transform as (2, —1) i.e., the product
is a doublet under SU(2); with hypercharge, Y = —1, while the Higgs doublet transforms

as (2, 1), hence, the Yukawa interaction

Ly =— Y Y!Lardlsr+hec., (1.52)

a?B:e7l'L7T

is invariant under SU(2);, x U(1)y symmetry transformations thus, allowed by electroweak

symmetry. Substituting ¢ as given in ((1.43)) in the above Yukawa Lagrangian gives

Ly =——=(@+h) Yz +he., (1.53)

N
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where the matrices 1, p are defined as

€L.R
ler=1| por |,

TL,R

and Y is the 3 x 3 matrix of Yukawa coupling with elements (Yl)

a

= Y!5. The first term
B
in Ly is mass term of charged leptons while second term is the interaction of charged lepton

with Higgs. The mass term of charged lepton can be written as
Lonass = L M'lg, (1.54)
where the mass matrix, M; = vY"' and the interaction term is given by
1-
Ling = =l MlIgh. (1.55)
v
In the similar way, up and down type quarks get mass through the Yukawa interaction,

LY== > > Y§Qudasr+YiQi s +hoc, (1.56)

1=1,2,3 f=u,c,t

where Q;;, is the quark doublet of i** generation and

b i L v+ h(zx)
¢ = 2¢—\/§( 0 ) (1.57)

Hence, the mass term for quarks is given by
['mass = ngUqg + QQMDqJQ + h'C'7 (158)

with MY = vY? and MP = vY”, where ¢f ; and ¢ are defined as

Ur rR
qg,R = CL,rR |>
tr,R
dr.r
@wr = | str |- (1.59)
br.r

Thus, all fermions except neutrino get mass as electroweak symmetry breaks due to nonzero

VEV of Higgs doublet while neutrino remains massless. Fermion mass matrices M!, MY and

14
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MP can be diagonalized by bi-unitary transformations

ViV = M,
V7 MUY = MY,
VEIMPVD = M7,

Then in the mass diagonal basis lepton charged current is given by
= LV = L Vi v = T
Jh = LVE yuvn = Ve ve = Ly, (1.60)

where vy, is a three element column matrix containing field of three flavors of neutrinos and
vy, = VL”VL. One can choose the flavor eigenstates (eigenstates of charged weak interactions)
as [; and v}. Since neutrinos are massless v} also forms mass basis. Hence, in SM lepton
flavor and mass basis is same, hence lepton flavor is conserved. But in the context of quark
it is not possible to find simultaneous eigenstates of mass and flavor as both up-type and

down-type quarks are massive. In mass basis charged weak current is given by
. _ i _
= Ve wVear = dnVar (1.61)

where V = VYTV is the quark mixing matrix. The flavor basis can be chosen as (¢¥,¢?’ =
VqP), thus it is possible to choose flavor eigenstates of up type quarks same as mass eigen-
states then for down type quarks flavor states will be a linear combination of mass states.
So the quark mixing is not related to V¥ or V2 but the difference between two i.e., V¥ VP
and there will be no mixing if V/? is same as V). The quark mixing matrix known as CKM
(Cabibbo-Kobayashi-Maskawa) matrix can be parameterized in terms of three mixing angles
and one phase. In general an N x N unitary matrix can be parameterized in terms 3 N(N —1)
mixing angles and %N (N +1) phases but, 2N — 1 phases can be removed by redefining phases
of fields. Hence, for N = 3 there will be three mixing angles and one phase and the standard

parameterization of CKM matrix is given by

0

C12C13 $12C13 S13€
_ i8 i6
Vorm = | —815Cy3 = C1981353€ C12C23 — 8129135236 C13523 | - (1.62)
i6 i6
812823 = C12513C23€ —C19523 — 512513C93€ C13Co3

Similar situation arises in lepton sector also if neutrinos are massive. Since neutrinos are
electrically neutral they can be either Dirac type or Majorana type. If neutrinos are Dirac

type then lepton mixing matrix known as PMNS matrix can be parametrized in terms of
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three mixing angles and one phase (Dirac phase), similar to CKM matrix. If neutrino are
Majorana type then there will be two additional phases known as Majorana phases in mixing
matrix. This is because Majorana fields do not respect U(1) global symmetry, hence, phases
in the mixing matrix can not be removed by redefining neutrino fields. So in the case of

Majorana neutrinos lepton mixing matrix is given by [48§]

Vemns = Upuns - Py, (1.63)
where
C15C S815C Sy 10CP
12613 12613 13
— _ _ op _ 0o p
Upmns = 812C93 — C125135923€ C12C93 = S12513523€ C13523 )
is @0
812823 = C12513C23€ —C12893 — 512513C23€ C13Ca3

and P, = diag(e™, e, 1)

with p and o are Majorana phases. Physical consequences of lepton mixing is that, the flavor
states of neutrino evolve with time hence, neutrinos change their flavor as they propagate, and
this phenomenon is known as neutrino oscillation. Kamiokande and Sudbury experiments
confirmed neutrino oscillation hence, brought out the fact that lepton mixing exists and

neutrinos are massive.

1.2 Neutrino oscillations

Neutrino oscillation was suggested as a resolution to solar and atmospheric neutrino prob-
lems [49]. Solar and atmospheric neutrino problems refer to the mismatch in neutrino flux
predicted by theory and measured by experiments. Neutrino oscillation was first proposed by
Pontecorvo in analogy with K° — K0 oscillation [50], long before the solar and atmospheric
neutrino problems were encountered. K° — K° oscillation occurs because quark flavor states
are admixture of mass states i.e., the mass matrix is non-diagonal in flavor basis. Analogously,
neutrino oscillation occurs because flavor and mass bases are different, so it is essentially an
effect of nonzero neutrino mass and mixing. Pontecorvo proposed oscillation between active
neutrino and a fermion which is a singlet under SM symmetry group, a new concept intro-
duced by him known as sterile neutrino, as there was only one active neutrino known at that
time. Later with the discovery of muon neutrino, another flavor of neutrino, flavor oscillation
were considered. During 1975 -76, theory of neutrino oscillation was developed in plane-wave
approximation [24, 25] which gives various oscillation probabilities such as transition and

survival probabilities. Transition probability is the probability of a neutrino to change its
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flavor while survival probability is the probability of neutrino flavor to remain the same.
In the plane wave approximation, the time evolution of neutrino mass state in vacuum is
given by

() = eB

v, (1.64)

where E;, the energy of i mass state is related to its mass m; and momentum 7 by energy

E; =\/p*+m?. (1.65)

The flavor state v, in terms of mass state is given by,

momentum relation

|Va) = Z Uai [V4) (a=e,pu,T), (1.66)

where ¢ varies from 1 to 3 and U is a 3 x 3 unitary matrix that relates mass and flavor

eigenstates as

Ve 1%}
Vu =U 1] . (167)
Uy V3

Both flavor and mass states are orthonormal, hence,

(vilv;) = 4y,

(Valvg) = bap - (1.68)

The state v, describes a neutrino with a definite flavor at time, ¢t = 0 and after a time t it

becomes |v,(t)), given by Eqs (1.64) and (1.66)) as,

|va(t)) = ZUme’E"tzﬁ:UEi vs) (1.69)

a superposition of flavor states. Hence, the probability of a neutrino created with definite

flavor o at t = 0 to change its flavor to § at t > 0 is given by
Prss () = [(valvae)[ (1.70)
Substituting Eq. in along with the condition (v,|vs) = 045 gives
Prosny(t) =3 UniUpUs Ugje B EDE (1.71)
1,J

In ultra-relativistic limit, the time traveled by neutrino ¢t ~ L, the distance traveled by it as
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its velocity is close to that of light and with the assumption that all mass states have the

same momentum, the difference in energy is approximately,

Am?j

(1.72)

where Am;; = m7 —m is the squared mass difference and E = |p]. With this approximations

the oscillation probability can be expressed as,

Am2. L
ij

Pya_wﬁ (E, L) = Z UaiUEiU;jUgje_i 2F

i3

(1.73)

The Eq. gives oscillation probabilities for neutrino propagating through vacuum as
a function of F, energy of neutrino and L, distance traveled by it which in an experiment
is the distance between source and detector. Both E and L depend upon the experiment
measuring oscillation probabilities while other quantities , U,; and Amfj on which oscillation
probabilities depend upon are physical constants. The equation for a # [ gives
transition probability and for o = 3 gives survival probability. The equation can be

rewritten as

AmZ L
Py (B, L) =" |Uuil* |Usi)* + 2> Re lUngjU;ije—wE ] . (1.74)
i i<j
Since U is a unitary matrix 3; |Uni|” |Ugi|* is given by,
S Uil [Usil? = 6ap — 23" Re [UailU3, Uy Usi] - (1.75)
i i<j

Substituting ([1.75]) in (1.74]) gives,

Pyosy (B, L) =005 — 4> Re [UnilU3;UsUsi| sin® [

i<j

Am};L
4FE

Am? L
il ] . (1.76)

+ 2;Im |UailU3;Us;Usi] sin l‘lE
The unitary matrix U is the PMNS matrix and the product U,,U;sU, ;U5 is invariant under

rephasing transformation,

Upi = €2 U,e™", (1.77)

hence, U can be taken as Upysng even if neutrinos are Majorana type.
From Eq. ([1.74) it is clear that oscillation probabilities in vacuum depend upon mass squared

differences, mixing angles and Dirac phase but do not depend upon absolute mass of neutrinos
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and Majorana phases. As a result of various neutrino oscillation experiments now we have
clear idea about almost all oscillation parameters. Results from oscillation experiments show
two of the three mixing angles o3 and 6y, are large while 0;3 is small and Am?2, < |Ami,|.
Sign of the mass squared difference, Am?, is not known till the date leaving two possibilities,
my < mg < mgz known as normal hierarchy (NH) and m3 < m; < my known as inverted
hierarchy (IH) for neutrino mass spectrum. The best fit values and 30 ranges of oscillation

parameters are given in Table [1.2

Mixing Parameters Best Fit value 30 Range
sin® 015 0.323 0.278 — 0.375
sin® B3 (NH) 0.567 0.392 — 0.643
sin® fy3 (TH) 0.573 0.403 — 0.640
sin® 613 (NH) 0.0234 0.0177 — 0.0294
sin® 613 (IH) 0.0240 0.0183 — 0.0297
Am2, /1075 eV? 7.6 7.11 — 8.18
|Amag|?/1073 eV? (NH) 2.48 2.30 — 2.65
|Ams|?/1073 eV? (TH) 2.38 2.20 — 2.54

Table 1.2: The best-fit values and the 3¢ ranges of the neutrino oscillation parameters [51].

Data given in Table shows atleast two of the three neutrinos are massive falsifying SM
prediction of massless neutrino. Hence, explanation of results from neutrino oscillation ex-
periments needs physics beyond SM, specifically a model for neutrino mass which predicts

mass squared differences and mixing as given by experiments.

1.3 Outline of thesis

Flavor symmetries also known as family symmetries configure interactions between fermions
of different generations. Therefore if flavor symmetry exists one can see its implications on
fermion mass and mixing. Various neutrino oscillation experiments probe neutrino mixing
and mass hierarchies. Data from these experiments support the idea of existence of flavor
symmetry since, the particular form of lepton mixing given by experiments are close to some
symmetry forms which are possible outcomes if flavor symmetries existed at high energies.
This thesis aim to interpret the recent results on neutrino mass and mixing as an outcome

of flavor symmetries.
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Various seesaw mechanisms that generate tiny neutrino mass in beyond SM framework, neu-
trinoless double beta decay and some symmetry forms of lepton mixing matrix which are
i — 7 symmetric are discussed in chapter 2 of this thesis. Different forms of perturbations to
these symmetry forms of lepton mixing matrix, that arise from charged lepton and neutrino
sector and predict leptonic CP phase are presented in chapter 3. Chapter 4 discuss non-zero
013 and leptonic CP phase with A4 symmetry. Ay realization of linear seesaw is given in

chapter 5. Chapter 6 contains summary and conclusions of the thesis.
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Chapter 2

Neutrino mass and mixing in beyond

standard model

Neutrino is massless in the SM in all order of perturbation due to the absence of right handed
neutrinos. Hence, an obvious way to generate neutrino mass is to add right handed neutrinos
to SM. This will generate neutrino mass like other fermion masses but will not tell why
neutrino mass is too small compared to the mass of other fermions especially to the mass
of charged lepton, their isospin partners. The smallness of neutrino mass is addressed by
various seesaw mechanisms, such as Type-1 [52, 53], Type-IT [54] 53], Type-I1T [56], Linear

[57], and Inverse seesaw [58, [59] etc, which will be discussed in following sections.

2.1 Type-I seesaw

The addition of a right handed neutrino Ng;, per generation in the SM model allows the

gauge invariant Yukawa interaction,

Ly = =Y Y/LiydN;r + h.c., (2.1)

]
which generates Dirac type mass for neutrino through Higgs mechanism. Right-handed neu-
trinos are singlet under SU(2), group like all other right-handed fermions and are electrically
neutral too. Then from the relation ) = I3+ Y/2 it is clear that they have zero hypercharge,
in short they are singlet under SM symmetry group. Since N;g’s are singlets, the bare mass

term,

3
£bare = Z MR@] zLNjRu (22)

where Nj, is the CP conjugate of N;g, is also allowed by gauge symmetry. Mass terms of

such forms are known as Majorana mass terms. After symmetry breaking, mass terms of
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neutrinos in the basis (7, Ng)* can be written as,

1 = 0 Mp VR
'Cmass:_* V N y 2.3
> (e L)(Mg MR)(NR) (2.3)

where vy, and Ny are N element column matrices of fields of N generations while Mp = vY"

and Mp are N x N matrices. Then block diagonalizing the mass matrix,

0 M
MY = up (2.4)
ML My

decouples heavy and light neutrino mass terms. For single generation M" is 2 x 2 mass matrix

M”:( ) MD), (2.5)

given by,

Mp Mg

can be diagonalized by orthogonal transformation
O"M"O = M, (2.6)

where O is an orthogonal matrix given by

O— ( cosf sind ) 7 27)

—sinf@ cosf

with tan 20 = % and M" is a diagonal matrix with elements

1 T —

2
For Mgz > Mp the eigenvalues become, m; = —%—Z and mo = Mp. Hence, light and heavy
2
neutrino masses are given by, Miign; = —%—Z and Mpeavy = Mg, respectively. The light

neutrino mass has wrong sign which can be removed by the transformation,

KMV K = di Mp
= diag | —, Mg |, (2.9)
Mp

i 0
K:(O 1). (2.10)

where
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Hence, the mass eigenstates are given by,

ny =icosf(vy, — Ug) — z’sin&(NL — Ng),

ny = sinO(vy, + vg) + cos O(Ny, + Ng). (2.11)
Since 111 = ny and ny = —no, they are fields of Majorana particles. Similarly for N gener-

ations, there will be 2N Majorana fermions. Here the mass of light neutrino is suppressed
by My'. The Dirac type mass Mp is proportional to VEV of SM Higgs like other fermion
masses, hence, they are expected to be of the order of other fermion masses. Let Mp ~ m,,
mass of the tau lepton, then to obtain neutrino mass of the order of 1072¢V (Cosmological
bound restricts mass of neutrino to be less than 0.08¢V) requires Mg ~ 107GeV. Hence, in
Type-I seesaw, smallness of light neutrino mass is ensured by the presence of very heavy right
handed neutrinos.

For N = 3, the neutrino mass matrix M" will be 6 x 6, with each element in it is a 3 x 3

matrix and can be block diagonalized by the transformation,
M =e’Mmve, (2.12)

where

1 — Lppt
@:( 2PP P ) (2.13)

—pt 1= 1ptp
with p = MpMy' < 1. The matrix © is unitary upto second order in p. The block

diagonalization of M" gives the light neutrino mass as [52, 53]
m, = —MpbMz'Mp, (2.14)

and heavy neutrino mass matrix as Mg. Further diagonalization of m, gives mass of light
neutrino as well as mass eigenstates. Similarly diagonalization of Mg gives mass and mass
states of heavy neutrinos. For N > 1 the diagonalization is done in two steps starting with
neutrino mass in flavor basis and ends up in mass basis. Hence, mass and flavor eigenstates

of neutrinos are related by,

Vo = UZ/V'L' + pUNNi7
N, ~ —p'U, + Uy Ny, (2.15)

where U, and U),; diagonalize light and heavy neutrino mass matrices, v, is a column matrix
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that contains flavor states of light neutrinos,

and 1; has mass eigenstates of light neutrinos as its elements,

151

V3

Similarly N, and N; are column matrices of flavor and mass states of heavy neutrinos. In
neutrino oscillation experiments only the active neutrinos, v, v, and v, can be detected
hence, only probabilities for a flavor to oscillate to active neutrinos can be measured. Since
the flavor states can oscillate to N,’s also, the sum of the probabilities deviate from one,
which is known as non-unitarity effect and the strength of deviation from unity is given by
p'p. The Majorana mass term violate B — L by two unit hence, can account for baryon
asymmetry of universe through leptogenesis. Right-handed neutrino can decay in to both
leptons and antileptons. If rate of decay to lepton is different from the rate of decay to
antilepton, that is if CP is violated in the decay of right-handed neutrino, then the out of
equilibrium decay of right-handed neutrino generate lepton asymmetry. So type-I seesaw
not only explains tiny mass of neutrino but also have the potential to explain the baryon

asymmetry of the Universe.

2.1.1 Type-II seesaw

The Majorana mass term .4 mgﬁﬁaLuﬁL is absent in the SM, as such terms transforms
as (3,—2) under SU(2), x U(1)y symmetry. Those type of mass terms can be generated
dynamically through Higgs mechanism, if there exists a Higgs triplet A with hypercharge 2

and posses non zero VEV [54, [55]. The relevant term in the Lagrangian is given by,
= 1
Ly =—> flsLlar—7-ALgr +h.c., (2.16)
2 feter s

where 7 - A is the two dimensional representation of A given by

At A+
A= V2T ] (2.17)
AT -
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As A° gets nonzero VEV ”7%, the interaction given in l} generates Majorana mass for

neutrinos
Lomass = ZﬁaLmZﬁVBL +h.c., (218)
af
where
v vA
Mag = iﬂﬁ- (2.19)

Here the smallness of neutrino mass is guaranteed by the smallness of v, in other words, the
neutrino mass is small compared to other fermion mass as they have different origin. The
Higgs triplet not only generates Majorana mass of neutrinos but also contributes to mass of
gauge bosons W and Z and those contributions should be small enough to keep the prediction
of relative strength of charged current interaction and neutral current interaction within the
experimental bound. Since SM model prediction of this ratio falls within the error bar of
experimental observation, this ratio set an upper bound on va. Mass of W and Z bosons in

this scenario is given by

My = -g¢° (v2 + 21}2) ,

My; = (92 + g’2) (2)2 + 41}2) , (2.20)

e o R

giving the relative strength of charged current and neutral current interaction as

14203 /0°

= =" 2.21
p 1+ 40} /v? ( )

Substituting p = 0.9980 + 0.0086 set the upper bound on the ratio va /v as 0.07. To get the
correct neutrino mass this ratio should be even smaller than the upper bound. The smallness
of va can be seen by looking into the minimization of scalar potential. The scalar potential

of the model is given by [60]

V(e A)= — p20lo+mATr (- A) 7 A) + (pad (1-A) g+ he)
— A(610) A [T ((r- A A+ 48 [T ((r- A7 A)]
+ APRITr (7 A)fr - A) + 25%1 (- A)(r- Ao, (2.22)

which on minimization with respect to va gives

2

A A Hav

AR :
V2m3

(2.23)
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Hence, VEV of Higgs triplet is inversely proportional to the square of its mass. The triplet
Higgs has to be very massive as it is not observed till date, hence, above formula guarantees
the smallness of va. In type-II seesaw, neutrino mixing is completely determined by the
structure of f!, which is arbitrary in the context of the model and heavy mass of triplet

makes its VEV small enough to give tiny neutrino mass.

2.2 Type-11I seesaw

Type-111 seesaw [56] is implemented by adding fermion triplet with null hypercharge to SM
particle content. To realize Type-III seesaw atleast two such triplets are required. New

physics that come up with inclusion of fermion triplet

D
Y= ( vz T ) : (2.24)
i
V2
is given by
1 - ~—
L= [EMsYr| - 6'SV2YsL + hee, (2.25)

which below electroweak scale generates mass terms as

>0 —
£mass = —v (YEVL -+ by YZZL + hC) . (226)

V2

Hence, neutrino mass term is given by

1 —0c 0 2Ysv V¢
Lhpes=—5 (7 =) . VY L. (2.27)
2 \/§YE (Y ME by
For My, > v, the above equation gives light neutrino mass as
m, = Yy Mg'Ys0?, (2.28)

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.

2.3 Linear and Inverse seesaw

Realization of linear [57] and inverse seesaw [58] 59] requires inclusion of singlet fermions

known as sterile neutrinos (Sg), in addition to right-handed neutrinos. New physics arises

26



Neutrino mass and mixing in beyond standard model

due to the presence of right-handed and sterile neutrinos are given by the Lagrangian
Lnp = — (L&NR L TSk + NgMpNg + SriusSp + h.c.) . (2.29)
After symmetry breaking, the mass part of the above Lagrangian is given by
Lonass = — (VLmDNR +TUrmpsSk + ﬁRMRNR + §R,uSSR + h.c.> ) (2.30)

So the full mass matrix for neutrinos in the basis (7, Ng, S R)T is given by

0 mp mis
M = mr]g MR mprs . (231)

T T
Mpg Mpg MUS

If all the off-diagonal elements of above mass matrix are vanishingly small and mpg, mp <
mps, then active neutrinos receive mass through linear seesaw. For realization of linear

seesaw mass matrix for neutrinos should be of the form

0 mp mis
Mlinear = m% 0 Mmpgs | - (232)

T T
myg Mpgg 0

Then the block diagonalization of My, separates out the mass terms of heavy and light

neutrinos, giving light neutrino mass matrix as

-1

0 m mg

m, = ( mp MmLs ) - e f = mpmpgMig+ transpose, (2.33)
mps 0 Mis

and the heavy neutrino mass matrix as

M= ( 0 mrs ) , (2.34)

T
mrg 0O

which on diagonalization gives doubly degenerate mass eigenstates for heavy neutrinos due
to vanishing off-diagonal elements of M.

Similarly, realization of inverse seesaw requires the mass matrix of neutrinos in the form given
by
0 mp 0
Minverse = m]g 0 mRpgs | > (235)

0 mps ps
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with pg < mp < mpgg. In this case light neutrino mass matrix is given by

-1

M, = —MpMis KSR, (2.36)

where as heavy neutrino mass matrix is

0
( L ) , (2.37)
Mps s

which on diagonalization yields nearly doubly degenerate mass eigenstates for heavy neutri-
nos.

In Type-I, Type-II and Type-III seesaw where new particles are very heavy and in most of
the cases beyond the reach of experiments but in linear and inverse seesaw the new particles
can be in the energy range accessible to experiments. This is because in linear and inverse
seesaw light neutrino mass can be in the required range due to small values of mpg and pus
respectively, even if the ratio m Dmgé is quite high. So unlike other seesaw models linear and
inverse seesaw models can be tested experimentally. The mass of active neutrinos generated
by all these seesaw mechanisms are of Majorana type. Hence, neutrinos are their own an-
tiparticles (Majorana fermions) hence, they can mediate neutrinoless double beta decay. As
the name indicates it is the process in which two neutrinos inside a nucleus converted into
two protons (double beta decay) without emitting neutrinos [61) 28 [62]. A brief discussion

on neutrinoless beta decay is given in subsequent section.

2.4 Neutrinoless double beta decay

If neutrino is its own anti-particle then anti-neutrino emitted in beta decay (n — p+ e +7)
can be absorbed by neutron to convert into proton (n + v, — p + €) as shown in Fig. [2.1]

resulting in to double beta decay without neutrino emission
(A+2) = (A+Z+2)+ 2e.

From Fig. one can see that the amplitude of the process is proportional to X;U%m;, the
(1,1) element of active neutrino mass matrix in flavor basis since, mass of neutrinos (m;) is
very small compared to the momentum exchange in the process. Therefore, the half-life of
neutrinoless double beta decay is proportional to |M..|*, where |M,.| = |Z;U%m;| is called
effective Majorana mass and U,;’s are elements of first raw of PMNS matrix. Hence, Ov3j is

sensitive to absolute mass of neutrinos, mixing angles, and Majorana phases as well as Dirac

28



Neutrino mass and mixing in beyond standard model
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Figure 2.1: Feynman diagram for neutrinoless double beta decay

CP phase. Observation of neutrinoless double beta decay is a consistency test for all those
seesaw mechanisms that generate Majorana type mass for active neutrinos.

Seesaw mechanisms well explain why neutrino masses are so small but do not give any idea
about structure of mass matrix hence, do not explain neutrino mixing and mass spectrum.
If there exists some symmetries across fermion generations (flavor symmetry) then that will
reflect on neutrino mixing pattern thus, give predictions on mixing parameters. So in next
section various symmetry forms which are possible outcome of various flavor symmetries are

discussed.

2.5 Neutrino mixing patterns

All seesaw mechanism predicts neutrinos to be Majorana type hence, the mass matrix is sym-
metric, so there will be N(N+1) parameters in the matrix. If it is only the SM symmetry that
govern the interactions of elementary particles then all these parameters are independent of
each other but number of free parameters reduce if there exist symmetry between generations
known as flavor symmetry. The neutrino mixing pattern obtained from experiments favors
the idea of flavor symmetries as the mixing pattern is very close to some standard mixing
patterns such as Tribimaximal mixing (TBM) [63, [64, [65], Bimaximal mixing (BM) [66] 67],
Hexagonal Mixing (HG) [68], Golden ratio A (GRA) [69, [70] and Golden ratio B (GRB)
[7T], [72] etc, that can be obtained if some flavor symmetries such as Ay, Sy etc are assumed

between the generations. All the above mentioned mixing patterns have sin? %, = % and

1
2
sin? 6%, = 0, which was good explanation for the trend of initial atmospheric oscillation data.
Initially, data from atmospheric oscillation experiments supported maximal v, — v, mixing

simple solution of which is sin? 6%, = 3 and sin® 6%, = 0. All these patterns which differ from
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each other by the value of solar mixing angle sin? 6,5 can be represented by.

cosfy, sin#y, 0O

o N sin 07, cos 07, 1
U, = 7 % % | (2.38)
__sin 07, cos 07, 1

V2 V2 V2

The general form of corresponding neutrino mass matrix in terms of the (complex) mass
eigenvalues my, msy, mg in the basis where the charged lepton mass matrix is diagonal is
given by

my, = U* - diag(my, my, ms) - UT, (2.39)

where U = U, and substituting U, in the above equation gives

(2.40)

3

N

Il
NSRS
ISEEER SN
IS SN

The parameters x, y, z, w can be complex. This matrix is the most general one that is

symmetric under 2-3 (or p — 7) exchange, i.e.,

m, = A23 1y - A23 s (241)
where Ass is given by
1 00
010

The solar mixing angle 615 is given by

8lay + y*(w + 2)|

.2
sin“ 2601, = . 2.43
2 Sy w 2)P + (ot A — 2P (2:49)
For real parameters the above equation becomes
8 2
sin? 20, = Y (2.44)

(r—w—2)2+8y2"

In the case of real values of z, y, z and w, the value of solar mixing angle fixes one of the
parameters in terms of other parameters of mass matrix. Hence, the mixing patterns differ

by solar mixing angle leads to different neutrino mass matrices.
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2.5.1 Tri-Bimaximal mixing

TBM mixing pattern fixes sin? 0, as %, which is very close to the experimental value of the
best measured mixing angle #,5. It is the most plausible first order approximation to the
experimental data. The simplest symmetry that in leading order leads to TBM is A4, the
group of even permutations of 4 objects. Since TBM fixes sin? 20,y = %, it leads to the
relation = + y = w + z between the parameters of mass matrix and gives mass matrix as

z ) Y
m,=|vy x+v y—v |, (2.45)
Yy y—v xT+0

where v =y — w.

2.5.2 Bimaximal mixing

For Bimaximal mixing sin® 6,5 = %, thus, gives the relation between the parameters of mass

matrix as = z + w. Therefore, the mass matrix corresponding to BM takes the form

z+w y oy
m, = y oz ow |. (2.46)
y  w oz

2.5.3 Golden ratio A and Golden ratio B

For GRA and GRB, sin?#?, is ﬁ and % respectively, and r being golden ratio, i.e., r =

—”2‘/5. Neutrino mass matrix corresponds to GRA and GRB are given by

w+z—1ry Yy y
my, = Y z w |, (2.47)

Y woz

where r = 1.414 for GRA and r = 0.922 for GRB.

2.5.4 Hexagonal mixing

Here sin? 0%, = %, and the corresponding mass matrix is

Yy
(x+2/2y—v) |, (2.48)
(z+2,/2y +v)

)
(x+2\/gy+v)
(x+2\/gy—v)

NI N[
N N[
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where v = 2z — w.

Now it is known that the mixing angle 6,3 is not so small and 6,3 is not maximal. Therefore,
all these forms do not explain the experimental result as such but, are good approximations
to PMNS matrix at leading order. Possible forms of perturbations to these standard mixing

patterns and their predictions are presented in the next chapter.
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Chapter 3

Predicting Leptonic CP phase by
considering deviations in charged

lepton and neutrino sectors

3.1 Introduction

Understanding the origin of the patterns of neutrino masses and mixing, emerging from the
neutrino oscillation data is one of the most challenging problems in neutrino physics. In fact,
it is part of the more fundamental problem of particle physics of understanding the origin of
masses and the mixing pattern in quark and lepton sector. The results from various neutrino
oscillation experiments|I8], [19, 20, 21, established the fact that the three flavors of neutrinos
mix with each other as they propagate and form the mass eigenstates. As discussed in first
chapter, the mixing is paremeterized in terms of three mixing angles, 615, 623 and 613 known
as solar, atmospheric and reactor mixing angles respectively, one Dirac phase dcp and two

Majorana phases. And the parameterization is given by [48]

—idcp
C12C13 S12C13 S13€
— _ _ 0op _ idcp
Veuns = S12C93 — C12513523€ C12C93 = S12513523€ C13523 b, ,
@0 i0
812823 = C12513C23€ —C12893 = 512513C93€ C13Ca3

where
P, = diag(e”, e, 1),

p and o are Majorana phases. The solar and atmospheric neutrino oscillation parameters are
precisely known from various neutrino oscillation experiments. Recently, the reactor mixing
angle has also been measured by the Double Chooz [73], Daya Bay [74], [75], RENO [76], and

T2K [77, [78] experiments with a moderately large value. As 6,3 is non-zero, there could be
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CP-violation in the lepton sector, provided the CP violating phase dcp is not vanishingly
small. After the discovery of sizable #;3, much attention has been paid to determine the
CP-violation effect in the lepton sector. The global analysis of various neutrino oscillation
data has been performed by various groups [79, 80, 81, 82], and the hint for non-zero dcp
was anticipated in Refs. [81, 82]. Including the data from T2K and Daya Bay, Forero et
al. [83] performed a global fit and found a hint for non-zero value of dcp, with the best fit
values as dcp ~ 3m/2. Hence, Many dedicated long-baseline experiments aim for precision
measurement of dcp while Majorana phases are inaccessible to oscillation experiments.
Initially it was believed that the reactor mixing angle would be vanishingly small and 653
is m/4, as a consequence the lepton mixing matrix is g — 7 symmetric. Motivated by such
anticipation, many models such as tri-bimaximal mixing (TBM) [63], 64, 65, [84], bi-maximal
mixing (BM) [66}, 67, 85, [86], golden ratio type A (GRA) [69, [70], golden ratio type B (GRB)
[71), [72], hexagonal (HG) [68] mixing patterns were proposed to explain the neutrino mixing
pattern which are generally based on some kind of discrete flavor symmetries like Ss, Sy,
Ay, ete [87, 88, R9], thus, interpret the particular form of lepton mixing as an outcome of
flavor symmetry. All those models predict 615 to be zero and 93 to be 7/4, hence, have to
be modified suitably to incorporate moderately large reactor mixing angle. Moreover, data
from MINOS experiment hint towards deviation of 653 from /4. The effect of perturbations
to such models are discussed in this chapter. Such discussions will help to understand the
forms of perturbation that will make the model compatible with the experimental results,
thus, the symmetries that can lead to the observed lepton mixing.

The theoretical prediction for the determination of CP phase in the neutrino mixing matrix
depends on the approach, as well as the type of symmetries one uses to understand the
pattern of neutrino mixing. Obviously a sufficiently precise measurement of dop will serve as
a very useful constraint for identifying the approaches and symmetries, if any. This chapter
explores whether it is possible to constrain the CP phase d¢p by considering perturbations to
the leading lepton mixing matrices and if so, whether it is possible to verify such predictions
with the data from ongoing NOvA experiment. In this chapter, perturbations with minimum
number of parameters are considered and values of oscillation parameters used in this chapter
are taken from [83].

The basic framework of the analysis is given in the next section. The deviation to the various
mixing patterns due to perturbations originate from neutrino and charged lepton sectors are
discussed in the following sections. The chapter ends with a summary and conclusions of the

analysis.
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3.2 Framework

It is well-known that the lepton mixing matrix arises from the overlapping of the matrices

that diagonalize charged lepton and neutrino mass matrices, i.e.,
Upains = UU,, . (3.1)

The 30 allowed values of PMNS matrix is given by

0.794 — 0.858 0.494 —0.589  0.138 — 0.155
Upuns = | —(0.374 —0.574)  0.418 — 0.639 0.61 —0.784 , (3.2)
0.203 —0.403  —(0.538 — 0.758) 0.604 — 0.779

where we have taken dop = 0 for simplicity. For the study of leptonic mixing, it is generally
assumed that the charged lepton mass matrix is diagonal and hence, the corresponding mixing
matrix U; be an identity matrix. However, the neutrino mixing matrix U, has a specific form
dictated by the symmetry which generally fixes the values of the three mixing angles in U,.
The small deviations of the predicted values of the mixing angles from their corresponding
measured values are considered in general, as perturbative corrections arising from symmetry
breaking effects. Tri-bimaximal, bi-maximal, golden ratio type-A (GRA), type-B (GRB) and
hexagonal (HG) are examples for such forms of U,. As shown in previous chapter, all these

forms have o3 = w/4 and vanishing 6,3 hence, take the form [90],

cosfy, sindy, 0O

0 __ __sinf7y  cosf7y, 1
U0 = sty L (3.3)
__sin 07, cos 07, 1

V2 V2 V2

The superscript ‘0’ is introduced to label the mixing matrix as the leading order matrix
arising from certain discrete flavor symmetries. Where sin? 6%, takes the values 1/2, 1/3,
0.276, 0.345, and 0.25 respectively for TBM, BM, GRA, GRB and HG mixing patterns.

Thus, one possible way to generate corrections for the mixing angles such that all the mixing
angles 53, 612 and 6,3 should be compatible with the observed experimental data, is to include
suitable perturbative corrections to both the charged lepton and neutrino mixing matrices
U, and U, respectively. Such possibilities are explored in this chapter. While considering the
corrections to the neutrino mixing matrix, the charged lepton mixing matrix is assumed to
be identity matrix and for correction to the charged lepton mass matrix the neutrino mixing
matrix is considered to be either of TBM/BM/GRA/GRB/HG forms. Furthermore, possible

corrections to U, from higher dimensional operators and from renormalization group effects
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will be neglected.

3.3 Deviation in Neutrino sector

In this section, the corrections to the neutrino mixing matrix are considered such that it can

be written as

U, =UUe, (3.4)

where UY is one of the symmetry forms of the mixing matrix as described in Eq. and
U™ is a unitary matrix describing the correction to UC. An important requirement is that
the correction due to the matrix US”" should allow sizable deviation of the angle 6,5 from
zero and also the required deviations to A3 and 65, so that all the mixing angles should be
compatible with their measured values. As discussed in Ref. [91], U can be expressed as
Vo3Vi3Via, where V; are the rotation matrices in (¢j) plane and hence, can be parameterized
by three mixing angles and one phase. In this chapter, we consider the simplest case of such
perturbation which involves only minimal set of new independent parameters, i.e., we consider
the deviations involving only two new parameters (one rotation angle and one phase), which
basically correspond to perturbation induced by a single rotation. There are several variants
of this approach exist in the literature, generally for TBM mixing pattern [92) 03, 04 ©5].
The main difference between the previous studies and our work is that apart from predicting
the values of the mixing angles compatible with their experimental range, we have also looked
into the possibility of constraining the CP phase d¢p, not only for TBM case, but also for

other variety of mixing patterns.

3.3.1 Deviation due to (23) rotation

First, we would like to consider additional rotation in the (23) plane. Since the charged
lepton mixing matrix is considered to be identity in this case, the PMNS mixing matrix can
be obtained by multiplying the neutrino mixing matrix UY with the (23) rotation matrix as

follows
1 0 0

Upuns =UC | 0 cos ¢ e “sing |, (3.5)
0 —e@sing  cos¢
where ¢ and « are arbitrary free parameters. The mixing angles sin? 05, sin? 63 and sin 0,5
can be obtained using the relations

|U62‘2
1—|Usl?’

|U#3|2

m > sin 913 = ’Ue;g’ . (36)
- e3

sin2 912 = Sin2 (923 =
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Using Eqgs. (3.3)), (3.5) and (3.6)), one obtains the mixing angles as

sinfj3 = sinfysing (3.7)

s sin? 0%, cos? ¢
Sin 612 = 9 00 .9 s (38)
1 — sin® 6%, sin” ¢
2 QU (i 2 Voo
1 |1 — sin® 67, sin® ¢ — cos 0, sin 2¢ cos o

.9
o1 . 3.9
sin” a3 9 1 — sin? 6%, sin? ¢ .

Thus, from Eqgs. (3.743.9)), one can see that by including the (23) rotation matrix as a
perturbation, it is possible to have nonzero 6,3, deviation of sin?fy; from 1/2 and sin® 6,
from sin?6%,. With Eqs. (3.7) and (3.8) one can obtain the relation between sin®#6;, and

sin? 0,5 as
SiIl2 6{2 — sin2 913

sin2 012 =

3.10
1-— sin2 913 ( )

Thus, it can be seen that in this case one can have sin? 05 < sin? %,, although the deviation
is not significant. Therefore, the BM, GRA and HG forms of neutrino mixing patterns cannot
accommodate the observed value of sin? f;, within its 30 range.

Furthermore, as we have a non-vanishing and largish 6,3, this in turn implies that it could
in principle be possible to observe CP violation in the lepton sector analogous to the quark
sector, provided the CP violating phase is not vanishingly small, in the long-baseline neutrino
oscillation experiments. The Jarlskog invariant, which is a measure of CP violation, has the

expression in the standard parameterization as
1
Jop = Im[UaU,2U; US| = 3 sin 265 sin 26,3 sin 2015 cos 013 sin dcp (3.11)

and is sensitive to the Dirac CP violating phase. With Eq. (3.5)), one can obtain the value

of Jarlskog invariant as
1 I :
Jop = —7 o8 67, sin” 07, sin 2¢ sin « . (3.12)

Thus, comparing the two Eqs. (3.11)) and (3.12)), one can obtain the expression for dcp as

(1 — sin? 0%, sin? @) sin «

[(1 — sin? 6%, sin? ¢)2 — cos? 0%, sin? 2¢ cos? a Y

sin 5013 = —

(3.13)

5

For numerical evaluation we constrain the parameter ¢ from the measured value of sin 6,3
and vary the phase parameter o within its allowed range, i.e., —7 < o < 7. With Eq. (3.7))
and using the 30 range of sin? ;3 and the specified value of sin®#%,, we obtain the allowed

range of ¢ for various mixing patterns as: (10.9 — 14.2)° for BM, (13.3 — 17.5)° for TBM,
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(14.8 — 19.2)° for GRA, (13.2 — 17.2)° for GRB, and (15.6 — 20.3)° for HG pattern. With
these input parameters, we present our results in Fig. [3.I]and Fig. [3.2]. The correlation plot
between sin? 6,5 and sin? 0,5 is shown in Fig. m panel where the magenta, red, green, orange
and blue plots correspond to BM, TBM, GRA, GRB and HG mixing patterns respectively.
The horizontal and vertical dashed black lines correspond to the best fit values for sin? 6, and
sin? 0,3, whereas the vertical dashed magenta lines represent the 30 allowed range of sin? 0,
and the horizontal dot-dashed lines correspond to the same for sin? 6;5. As discussed before,
one can see from the figure that, the predicted values of the mixing angles sin? 85 and sin? 0,5
lie within their 30 ranges only for TBM and GRB mixing patterns whereas the predicted
value of sin? 0, lies outside its 30 range for BM, GRA and HG mixing patterns. With Eq.
(3.13)), we obtain the constraint on dcp as shown in the top panel of Fig. for TBM case,
where we have used the 30 allowed range of the mixing angles 615, 6535 and 6;3. Using the
predicted value of dcp, correlation between the Jarlskog invariant and sin® 6,3/ sin? 6,3 are
shown in the bottom panel of Fig. for TBM case. The corresponding results for GRB
mixing pattern are almost same as TBM case and hence, are not shown explicitly in the
figures. However, the allowed ranges of dcp and Jop are listed in Table 3.1} Since BM,
GRA and HG mixing patterns cannot accommodate the observed mixing angles as discussed

earlier in this section, the corresponding results are not listed.

Correlation plot between sin2912 - sin2613
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Figure 3.1: Correlation plots between sin? ;5 and sin? 6,3 for BM (magenta), TBM (red),
GRA (green), GRB (orange) and HG (blue) regions. The horizontal and vertical central
lines represent the best fit values where as the dot-dashed orange and dashed magenta lines
represent corresponding 3o allowed ranges.

Our next objective is to speculate the possible experimental indications which could support
or rule out our findings. As we know neutrino physics has now entered the precision era

as far as the measured parameters are concerned. The currently running experiments T2K
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Figure 3.2: The constraints on dcp for TBM mixing pattern are shown in the top panel and
on Jeop in the bottom panel.

and NOvA play a major role in this aspect. These experiments will provide the precise
measurement of atmospheric neutrino mass square difference and the mixing angle 693 through
v, disappearance channel. They also intend to measure 63, the CP violation phase dcp
through v, to v, appearance. Furthermore, NOvA can potentially resolve the mass-ordering
through matter effects as it has a long-baseline. In this work, we would like to see whether
the constraints obtained on dcp in our analysis could be probed in the NOvA experiment
with 3 years of data taking with neutrino mode and then followed by another 3 years with

antineutrino mode. For our study we do the simulations using GLoBES [96, [97].

3.3.2 Simulation details

NOvA (NuMI Off-axis v, Appearance) is an off-axis long-baseline experiment [98] [99], which
uses Fermilab’s NuMI v, /v, beamline. Its detector is a 14 kton totally active scintillator
detector (TASD), placed at a distance of 810 km from Fermilab, near Ash River, which is
0.8° off-axis from the NuMI beam. It also has a 0.3 kton near detector located at the Fermilab

site to monitor the unoscillated neutrino or anti-neutrino flux. It has already started data
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taking from late 2014. The experiment is scheduled to have three years run in neutrino mode
followed by three years run in anti-neutrino mode with a NuMI beam power of 0.7 MW
and 120 GeV proton energy, corresponding to 6 x 10%° p.o.t per year. Apart from the precise
measurement of ;3 and the atmospheric parameters, it aims to determine the unknowns such
as neutrino mass ordering, leptonic CP-violation, and the octant of #535 by the measurement
of v, /v, — v./V, oscillations.

For the simulation of NOvA experiment, the detector properties and other necessary details
are taken from [100} T0T]. We have used the following input true values of neutrino oscillation
parameters in our simulations: |Am2g| = 2.4 x 1072 eV?, Am32, = 7.6 x 107° &V?, ¢p = 0,
sin® 01, = 0.32, sin?260;5 = 0.1 and sin?6,3 = 0.5. The relation between the atmospheric
parameter Am?2; measured in MINOS and the standard oscillation parameter Am2; in nature

is given as [102]
Am3, = Am?Z; + Am3, (cos® 15 — cos dop sin 013 sin 20,5 tan fa3) | (3.14)

where Am?; is taken to be positive for Normal Ordering (NO) and negative for Inverted
Ordering (10).

In order to obtain the allowed region for sin® 2605 and d¢p, we generate the true event spec-
trum by keeping the above mentioned neutrino oscillation parameters as true values and gen-
erate the test event spectrum by varying the test values of sin? 263 in the range [0.02:0.25]
and that of dcp in its full range [—7 : 7]. Finally, we calculate Ax? by comparing the true
and test event spectra. The obtained results in the sin? 26,3 —dcp plane are shown in Fig. ,
which are overlaid by our predicted value of dcp. The top panel shows the 1o contours for
the running of (3v + 0v) years, with NO as the true hierarchy. The bottom left (right) panel
represents (3v + 3v) years of data taking with NO (IO) as the true hierarchy. In these plots,
the inner regions (bubbles) correspond to 1o contours whereas the outer curves represent 3o
contours. From these plots, one can see that our results are supported by NOvA data within
30 C.L., however, with (3v+3v) years of data taking, NOvA could marginally exclude these
results at 1o C.L.

Next we would like to briefly mention about the implications of future generation long baseline
experiments such as Hyper-Kamiokande (T2HK) and Deep Underground Neutrino Experi-
ment (DUNE) experiments in our predicted results. All the details for simulation of T2HK
experiment are taken from [I01] for (3v+7v) years of running. The DUNE experiment which
is basically slightly upgraded version of LBNE experiment, plans to use a 40 kton Liquid
Argon detector. Except the detector volume other characteristics are taken from [103] for

the simulation for (5v+5v) years of data taking. We use the same true values of other input
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Figure 3.3: The correlation between dcp and sin? 26,3 for TBM mixing pattern (red regions)
superimposed on expected NOvA data where the blue dashed lines (top panel) represent the
1o contours for 3 years of neutrino data taking with NO as test ordering, the blue lines in the
bottom-left (NO as test ordering) and bottom-right (for IO as test ordering) panels represent
the 1o and 30 contours for (3v+3v) years of running.

parameters as done for NOvA experiment. The correlation plots between dop and sin? 265
are shown in Fig. , overlaid by our predicted values for TBM. The plots on the top (bot-
tom) panel are for DUNE (T2HK) experiment with NO/IO as the true ordering as labeled
in the plots. It can be seen from these figures that as the dcp — sin? 20,53 parameter space
is severely constrained, our predicted results are expected to be precisely verified by these

experiments.
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Figure 3.4: The correlation between dcp and sin? 613 for TBM mixing pattern (red regions)
superimposed on expected DUNE data (top panels) where the blue dashed lines represent the
30 contours for (5v+50) years of data taking, while the bottom panels represent the T2HK
results for (3v+7v) years of running.

3.3.3 Deviation due to (13) rotation

Next we consider the corrections arising from an additional (13) rotation in the neutrino

sector for which the rotation matrix can be given as

cos¢p 0 e “@sing
Upuns = U° 0 1 0 : (3.15)

—esing 0 cos ¢
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Deviation type Neutrino mixing dcp Range | |Jop| Range
matrix pattern (in radian)
23 rotation to U TBM and GRB +(0.7—1.5) | (0.02 —0.04)

13 rotation to UY TBM, GRA and GRB | =+(0— 1.5) (0 —0.04)
12 and 13 rotation to U TBM and GRB +(1.2 — 1.55) | (0.03 — 0.04)

GRA +£(0.6 — 1.5) | (0.02 — 0.04)
HG +(0—1.3) | (0—0.035)
BM +(0—08) | (0—0.03)

Table 3.1: Predicted range of the CP phase dcp and the Jarlskog invariant |Jop| due to
possible deviations for various neutrino mixing patterns.

Proceeding in the similar way as done in the previous case, we obtain the mixing angles using

Eq. as

sinfi3 = cosfi,sing, (3.16)

Fa2 gy
. 9 sin® 07,
0 = 3.17
ST 1 — cos? 0¥y sin? ¢’ (3.17)
1 [cos? ¢ + sin 6%, sin 2¢ cos a + sin? 6%, sin? ¢

. 9
o _ 3.18
sin® a3 9 1 — cos? 0%, sin” ¢ | )

Analogously, the Jarlskog invariant and the CP violating phase dcp are given as

1
Jop = —g oos 07, sin 2607, sin 2¢ sin o , (3.19)
and ) )
1-— 67, si i
Sindop = — (1 — cos® 0, sin® ¢) sin «v _ (3.20)
(1 — cos? 0%, sin? ¢)2 — sin? 0, sin? 2¢) cos?
In this case one obtains from Eqgs. (3.16|) and (3.17))
Fa2 Qv
.9 sin® 07,
010 = ———— 3.21
S 012 1-— Sin2 913 ’ ( )

which implies that sin? 615 > sin? #%,. This in turn implies that BM and HG mixing patterns
cannot accommodate the observed value of 6, within its 30 range.

From Eq. and using the 3¢ allowed range of sin?#,5 the allowed range of ¢ is found
to be in the range (9 — 15)° for various mixing patterns. Now using this value of ¢ and
varying the free phase parameter « in the range —m < o < 7, we obtain the correlation plots
between sin? 05 and sin? 03 as shown in Fig. , where red, blue and green plots are for
TBM, GRB and GRA mixing patterns. The correlation plot for HG and BM forms are not

shown in the figure as they lie outside the allowed 30 region of sin? 5. The dcp phase is
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very loosely constrained in this case as presented in Fig. [3.6] We also overlaid the predicted
value of dcp for TBM over the NOvA simulated data. In this case also the predicted result
is consistent with expected NOvA data. The correlation plots between dop and sin? 0,3, Jop
and sin? 013 (sin?fy3), as well as between Jop and dcp are also shown in the fig. [3.7] From
the plots it can be seen that it could be possible to have large CP violation O(1072) in the
lepton sector.

It should be noted that for deviation due to (12) rotation matrix does not accommodate the

observed value of 63 as U,3 = 0, for such case.

Correlation plot between sinze12 - sinz(-]13

0.05 T T T
0.04 | : J
© 003
N®
<
@ 0.02
001 - .
O 1 I 1
0.28 0.32 0.36 0.4
sinze12

Figure 3.5: Correlation plots between sin? 85, and sin? 8,3 due to 13 deviation in the neutrino
sector. The red, blue and green plots correspond to TBM, GRB and GRA mixing patterns.

3.4 Deviation in the charged lepton sector

In this section we will consider the deviation arising in the charged lepton sector. For the
study of lepton mixing, it is generally assumed that the charged lepton mass matrix is
diagonal and hence, the corresponding mixing matrix as an identity matrix. The deviation in
the charged lepton sector and its possible consequences have been studied by various authors
[72, 104}, T05]. In Refs. [72,104], the form for U; is considered to be product of two orthogonal
matrices describing rotations in (23) and (12) planes, which corresponds to two possible
orderings, ‘standard’ with U; oc Roz(03)Ri2(6%5) and ‘inverse’ with U; oc Ri9(6ly) Roz(6hs).
Using these forms for the lepton mixing matrix the values of dop and the rephasing invariant
Jop have been predicted for the cases TBM, BM, LC, GRA, GRB and HG forms of neutrino
mixing matrix U,. They have obtained the predictions for dcp as dcp ~ 7 for BM (LC) and
dop ~ 3m/2 or /2 for TBM, GRA, GRB and HG. Here, we consider the simplest case where
the deviation matrix can be represented as a single rotation matrix in the (i5) plane, as done

in the previous section for the neutrino sector.
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Figure 3.6: Correlation plots between dcp and sin? 26,3 for TBM mixing pattern with 13
deviation in neutrino sector super imposed on expected NOvA data. The black solid lines
represent the expected experimentally allowed parameter space (same as the dotted blue lines
in Fig. 3.2

Now considering the deviation to the charged lepton mixing matrix as a unitary rotation

matrix either in (12), (23) or (13) plane, one can write the PMNS matrix as
Upnns = ULUY (3.22)

where U;; is the rotation matrix in (i) plane and U! is any one of the standard neutrino
mixing matrix form TBM/BM/GRA/GRB/HG. However, corrections arising due to Uss

rotation matrix is ruled out as it gives vanishing U,s.

3.4.1 Deviation due to rotation in (12) and (13) sectors

Including the additional correction matrix Uy, to the charged lepton sector, one can write

the PMNS matrix as

cosp —e “sing 0
Upyns = | e@sing cos ¢ 0o |U°. (3.23)
0 0 1

45



Predicting Leptonic CP phase ...

Correlation plot between sin2623 - 8¢cp

Scp
o N A o, N o
T T

2
sin“6,3

Correlation plot between sin2613 -Jep

0.04 [TBM I
G2
SRS
0.02 - iﬁjg

:l
. Wt

-0.02 -

Jep
o
o .
AP
s, -g-_;}(
AT

-0.04 -

0 0.01 0.02 0.03 0.04
sin2913

0.05

0.04

0.02

Jep
o

-0.02

-0.04

0.04

0.02

0

Jep

-0.02

-0.04

0.35 0.4 0.45 0.5 055 0.6 0.65 0.7

Correlation plot between d¢p - Jcp

TBM -

Correlation plot between 'sin2923 -Jep

TBM

#

39

gl

g,

£

;

sin2923

Figure 3.7: Correlation plots between different oscillation parameters due to (13) deviation in
the neutrino sector. The plots represent the correlation between different mixing parameters
as indicated in the plot labels for TBM mixing pattern.

In this case we get the mixing angles as

2sin? 0%, cos? ¢ + cos? 0%, sin? ¢ — - sin 260Y, sin 2¢ cos «
12 12 73 12

0 sin ¢
simmbiz = —F=,
V2
Sin2 912 =
2
5 B cos” ¢
S1n 923 = m .

1+ cos? ¢

With Egs. (3.24]) and (3.26)), we obtain the relation

Sin2 023 =1-

which implies that sin? a3 < 1/2. The Jarlskog invariant in this case is found to be

1
Jrp — —
cP 8\/5

and the CP violating phase as

1
2cos? 03’

oy .
sin 2607, sin 2¢ sin «

(1 + cos? ¢) sin 26%, sin «

sin 5CP = —

WY
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where

1
Y = (2 sin? 07, cos® ¢ + cos? %, sin® ¢ — —= sin 2¢ sin 20%, cos Oz)

V2

1
X (1 + cos 26, cos® ¢ — cos? 0%, sin® ¢ + —= sin 26, sin 2¢ cos a) : (3.30)

V2

Proceeding in a similar fashion as in the previous cases and considering the 3o allowed range
of 13, one can obtain the allowed range of ¢ with Eq. as (10 — 15)°. Now varying
the free parameters ¢ and « in their allowed ranges, we obtain the correlation plots between
various mixing parameters as depicted in Fig. and Fig. 3.9} It should be noted that the
correlation plots between sin? 6,3 and sin? 6,3 remain same for all the forms of neutrino mixing
matrix U? as these mixing angles depend only on the free parameter ¢ and are independent
of 0, (which takes different values for different mixing patterns). For the correlation plots
between dcp —sin? 26,3 (sin? 615) and Jop —sin? 63, the red, green, blue and magenta regions
correspond to TBM, GRA, HG and BM mixing patterns. The GRB mixing pattern predicts
the same constraints as TBM pattern and hence, the corresponding results are not shown in
the plots. Furthermore, the CP violating phase is severely constrained in this scenario and
the Jarlskog invariant is found to be significantly large as seen from the figure.

Next we consider deviation due to additional rotation in (13) sector. In this case the PMNS

matrix is given as
cos¢p 0 —e“sing
Upyns = 0 1 0 U?. (3.31)

e“sing 0 cos ¢

The mixing angles obtained are

0 sin ¢
sin = —,
13 NG
1
.2
Oo3 = ———
S V23 1+cos?2¢’
L _ 2sin 0}, cos® ¢ + cos” B, sin® ¢ — 75 5in 207, sin 2¢ cos
sin® 0, = : (3.32)
1+ cos? ¢
In this case we obtain
1
2
O3 = ————, 3.33
ST = cos? 03 ( )

which implies sin?fy3 > 1/2. The Jarlskog invariant and the CP phase are found to be

1
Jop = FW) < sin 267, sin 2¢ sin a) : (3.34)
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Figure 3.8: Correlation plots between different observables due to 12 deviation in the charged
lepton sector. The description of the plots are indicated in the corresponding plot labels. In
these plots the red, green, blue and magenta regions correspond to TBM, GRA, HG and BM
mixing patterns.

sin 260, sin (1 + cos? ¢)

sin5gp = 2\/?

(3.35)

Since the results for this deviation pattern are almost similar to the correction due to (12)
rotation case, one obtains the same constraints on dcp as in the previous case, which are

listed in Table B.11

3.5 Summary and Conclusions

The recent observation of moderately large reactor mixing angle #,3 has ignited a lot of interest
to understand the mixing pattern in the lepton sector. 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 the standard
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Figure 3.9: Correlation plots between dcp and sin? 26,3 due to 12 deviation in the charged
lepton sector super imposed on expected NOvA data. In these plots the red, green, blue and
magenta regions correspond to TBM, GRA, HG and BM mixing patterns. The black solid
lines correspond to the experimentally allowed contours.

model. In this context a number of neutrino mixing patterns like TBM/BM/GRA etc, were
proposed based on some discrete flavor symmetries like S3, Ay, 1 — 7, etc. However, these
symmetry forms of the mixing matrices predict vanishing reactor and maximal atmospheric
mixing angles. To accommodate the observed value of relatively large 6,3, these mixing
patterns should be modified by including appropriate perturbations. In this work, we have
considered the simplest case of such perturbation which involves only minimal set of new
independent parameters, i.e., one rotation angle and one phase, (which basically corresponds
to perturbation induced by a single rotation), and found that it is possible to explain the
observed neutrino oscillation data with such corrections. The predicted values of dcp are
expected to be supported by the data from currently running NOvA experiment with (3v
+3v) years of data taking. We have also shown that it is possible to predict the value of
CP phase with such corrections. We have also found that sizable leptonic CP violation

characterized by the Jarlskog invariant Jecp, ie., |Jop| ~ 1072 could be possible in these
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scenarios.

30



Chapter 4

Non-zero 03 and leptonic CP phase
with A4 Symmetry

4.1 Introduction

In the previous chapter, we have seen that some forms of neutrino mixing patterns relay
on certain flavor symmetries which are proposed to explain initial neutrino oscillation data
inticating vanishing reactor mixing angle, and with suitable modifications can accommodate
moderatly large reactor mixing angle measured by recent experiments. Out of all those forms,
TBM best resembles lepton mixing and gives positive results for all forms of corrections
considered in chapter 3. There are many models which explain TBM mixing pattern on the
basis of Ay symmetry [106] with a certain set of Higgs scalars and vacuum alignments. The
Ay discrete symmetry group, the group of even permutations of four elements has attracted a
lot of attention since it is the smallest one which admits one three-dimensional representation
and three inequivalent one-dimensional representations. Then, the choice of the A4 symmetry
is natural since there are three families of fermions, i.e, the left-handed leptons can be unified
in triplet representation of A4 while the right-handed leptons can be assigned to A, singlets.
This set-up was first proposed in Ref. [107] to study the lepton masses and mixing obtaining
nearly degenerate neutrino masses and allowing realistic charged leptons masses after the Ay
symmetry is spontaneously broken. Later A, symmetry was proved to be very successful in
generating Tribimaximal mixing pattern for lepton mixing.

TBM predict sin?#;5 to be 0.333 against its best-fit value 0.297 and the prediction comes
within the 30 range. Also the prediction of 0.5 for sin? 3 also comes within the 3o range.
It is only the mixing angle 613, which is quite different from the experimental value. So
f13 might be non-zero at leading order itself while perturbative corrections slightly modifies

other mixing angles. One of such forms with non-zero 6,3 is a special case of deviation from
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TBM due to an additional 23 rotation in neutrino sector. The 23 rotation is parameterized in
terms of two parameters, one mixing angle (#) and one phase (¢). For ¢ = 7/2, the resulting
mixing matrix will have 63 = 7/4, 015,013 # 0 and dcp = +m/2. Such forms are known as
cobimaximal mixing.

Supersymmetric models based on A, family symmetry, combined with the generalized CP
symmetry [I0§], can also predict trimaximal (TM) lepton mixing (in which either only the
first column or only the second column of the lepton mixing matrix is assumed to take the
TBM form), together with either zero CP violation or dcp = £m/2. Also models based on
S, family symmetry and generalized CP symmetry [109] predict trimaximal lepton mixing
and the Dirac CP phase is predicted to be either conserved or maximally broken. In Ref.
[T10], a minimal extension of the simplest A; model has been considered, which not only can
induce non-zero #;3 value consistent with the recent observations, but also can correlate the
CP violation in neutrino oscillation with the octant of the atmospheric mixing angle 6a3.

In this chapter, we would like to present a model based on A; symmetry which gives co-
bimaximal mixing in neutrino sector at leading order. We also consider perturbations in
neutrino sector due to higher order corrections, which can be represented as five-dimensional
operators. These corrections modify the mixing parameters slightly hence, the deviation of
03 from m/4, indicated by recent experiments can be incorporated. The best-fit values and

3o ranges of neutrino oscillation parameters taken from Ref. [51] are given in Table .

Mixing Parameters Best Fit values 30 Range
sin 05 0.323 0.278 — 0.375
sin® B3 (NH) 0.567 0.393 — 0.643
sin? ys (IH) 0.573 0.403 — 0.640
sin® 63 (NH) 0.0226 0.0190 — 0.0262
sin” 03 (TH) 0.0229 0.0193 — 0.0265
Scp (NH) 1417 (0 — 27)
dcp (IH) 1.487 (0 — 2m)
AmZ, /107%eV? 7.60 7.11 — 8.18
Am2, /1073eV?(NH) 2.48 2.30 — 2.65
Am2, /1073eV?(TH) —2.38 —2.54 — —2.20

Table 4.1: The best-fit values and the 30 ranges of the neutrino oscillation parameters from

Ref. [51].

The details of the model is presented in section [4.2/In section [4.3 we describe the higher
order corrections in neutrino sector while in sections and [4.4] we discuss the vacuum
alignment and lepton flavor violating muon decay p — e7y in the context of the model. We

conclude our discussion in section 4.6l
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4.2 The Model

The model is based on A, group [107], which is the group of even permutation of four objects
and is the smallest non-Abelian discrete group with triplet irreducible representation. It has

four irreducible representations: 1, 1/, 1” and 3, with the multiplication rule
3x3=1+1+1"+3+3. (4.1)
Ay group has two generators represented by S and T, which obey the relations,
S?=T3=(ST)*=1. (4.2)

The representation of S is 1 under 1, 1’ and 1” while that of T are 1, w and w? respectively
under 1, 1’ and 1”. There are two possible bases for three dimensional representations of .S
and T, one in which S is diagonal while in other T is diagonal. The direct product of two

triplets, a ~ (a1, as,az) and b ~ (by, be, b3) in S diagonal basis is given by

1 =a1by + asby + asbs ,

1" = a1by + w?agsby + wasbs |
1" = a1by + wasby + w?asbs |
3 ~ (agbs, azby, arbs) ,

3 ~ (asba, a1bs, azby) , (4.3)
while that in T" diagonal basis is

1 ~ aiby + azbs + asby ,
1/ ~ a3b3 + ale + agbl ,
1” ~ agbg + a31)1 + CL1b3 s

2@1[)1 — agbg - G3b2

1
35 ~ g 2a3b3 — a1b2 - CLle y
2(12(72 — a1b3 — Clgbl
1 agbg — G3b2
3A ~ 5 a1b2 — a2b1 ) (44)
a361 - Cleg
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where 3g is symmetric and 3,4 is antisymmetric under the exchange of a and b. In this
chapter, we have followed Eq. (4.3)) for the calculation of direct product of A4 triplets. As
we know in this basis, A, allows the charged-lepton mass matrix to be diagonalized by the

Cabibbo-Wolfenstein matrix [111]

1

1
ﬁ w2 , (45)

U, =

where w = €2™/3 = —1/2 4+ i/3/2.

In this work, our discussion is limited to the leptonic sector. The particle content of the
model includes, in addition to standard model fermions (i.e., the lepton doublets /;;, and
charged lepton singlets [;z), three right-handed neutrinos (v;z), four Higgs doublets (¢;, ¢o)
and three Higgs singlets (y;). They belong to four irreducible representations of A, as given
in Table 4.2

Particle SU(Q)L U(l)y A4

L 2 -1 3

lir 1

Ion 1 —9 1/

lsp 17

ViR 1 0 3

o 2 1 3

0 P 1 1

X: (real gauge singlet) 1 0 3

Table 4.2: Particle content of the model along with their quantum numbers.

Here A, symmetry is accompanied by an additional U(1)x symmetry as discussed in Ref.
[T06], which prevents the existence of Yukawa interactions of the form Ly Rgzgz- and 1;.1; RO as
lir, Lir, (50 have quantum number X = 1, and all other fields have X = 0. The phenomeno-
logically disallowed Nambu-Goldstone boson does not arise in this case as U(1)x symmetry
does not break spontaneously but explicitly. Thus, the Yukawa Lagrangian for the leptonic

sector is given as [112]

L=— {[/\1 (LLQZ‘) llR} + [)\2 @L@)H ZQR} + [As (hL¢i)/l3R]} (4.6)

- {)\0 [(LL%‘R) gﬁo] + ; (M (V;rDir)] + Ay [(VirDir)4 Xz]} +h.c.,

where 7,z are antiparticles of v;z and (l_iqui),, (ELgbi)” and (7;r0;r), are 1’, 1” and triplet
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representations of A4 respectively. As the scalars ¢;, ¢y and y; get vacuum expectation values

v;, vo and w; respectively, the above Lagrangian becomes
_ - 1 A
L= _lLMllR — VLMDVR — iyRMRVR + h.c. y (47)
where M;, Mp and My are charged-lepton, Dirac neutrino and right-handed neutrino mass
matrices and have the forms

)\11}1 )\21)1 >\3U1
M, = A2 A2v2w2 A3Vaw ) (4'8)

)\11)3 )\21)3&) )\31)3&)2
MD = )\01)0[, (49)
where [ is the identity matrix and

M Aws Aws
MR = /\XW3 M /\X(,ul . (410)
/\XWQ /\X(,Ul M

For the vacuum alignment v; = v, the charged lepton sector can be diagonalized by the

transformation:
V3o 0 0
Uy M-I = 0 V3vd 0 : (4.11)
0 0 V303

where U, is the Cabibbo-Wolfenstein matrix given in Eq. (4.5). The light neutrino mass is

given by the type-I seesaw formula
M, = —Mp - Mg"- Mp . (4.12)

Since Mp is proportional to an identity matrix, the neutrino mixing matrix will be the one
which diagonalizes the right-handed neutrino mass matrix Mgz. The Majorana mass matrix

My can be parameterized as

A C D
Mr=| C A B |, (4.13)

D B A
in a basis where charged-lepton mass matrix is not diagonal. However, in the charged lepton
mass diagonal basis M& = Ul - Mg - U* and can be diagonalized by tri-bimaximal (TBM)
mixing matrix for D = C' = 0, which we don’t need as it gives vanishing ;3. Even if these

conditions are not satisfied some of the off-diagonal elements of Mg become zero in TBM
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basis and one can go to the TBM basis through the transformation

A+B  =(D+C) 0
My =U}-Mg-Ui = | Z5(D+C) A S(D-0) |, (4.14)
0 ﬁ(D - C) B—-A
where
0 1 0
_ 1 i
Ur = % 0 5 (4.15)
1 —i
V2 V2
With the condition D = —C', M}, becomes
A+B 0 0
0 A /2D |, (4.16)
0 iv2D B-A
which can be diagonalized by Ug, having the form
10 0
Ur=1|0 ¢ is [, (4.17)
0 s c
where s and ¢ stand for sin # and cos 6 respectively and satisfy the relation
2D 2
s _ V2D _ Vo (4.18)
c? — s2 B w1

It should be noted that, this ratio should be real, since w; 5 are VEV of real scalar fields ;.
The condition C' = —D can be realized with the vacuum alignment (y;) = (w1, wa, —ws) as

discussed in [I13]. Thus, the lepton mixing matrix becomes
U=U, Up- Uy, (4.19)

which basically known as co-bimaximal mixing matrix and predicts the mixing angles and
CP violating Dirac phase as 013 # 0, 03 = 7/4 and dcp = £7/2. Also, the mixing angles

012 and 65 are not independent and one can express sin? 05 in terms of sin” 0,5 as

1-3 sin2 613 S
— ith sinfhs = —.
3(1 - Sin2 613) W S P \/§

To illustrate these results, we show in Fig. the variation of sin? ;3 with @ (left panel) and

sin? 05 = (4.20)

the correlation plot between sin? #3 and sin? 0}, (right panel). From the figure it can be seen
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that the observed values of solar (6;2) and reactor (#;3) mixing angles can be accommodated

in this model.
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Figure 4.1: Variation of sin? #;3 with @ (left panel) and the correlation plots between sin? 6,
and sin? 03 (right panel). The black dashed line in the left panel denotes the central value
of sin” f;5 and the red dot-dashed lines represent the corresponding 3o values.

4.3 Perturbation in neutrino sector

In this section, we will consider the perturbations to mass matrices due to higher order
corrections. Prominent corrections come from five-dimensional operator \;;7;r7;rx:X; which
modifies right-handed neutrino mass matrix. Charged lepton and Dirac neutrino masses also
receive corrections from A’ Lol jrX: and A}kﬂlqgoyj rX: respectively, and here we are neglecting
those corrections since they allow the mixing of y; with other fields.

All elements of Majorana mass matrix Mp receive corrections which is proportional to w?+w?
for diagonal elements and wjws for off diagonal elements. Since 0.04 < (wq/wy) < 0.22,
obtained from Eq. (4.18)), using the allowed value of s = /3 sin f;3, we neglect corrections to

off-diagonal elements.

/\HW% 0 0
0 0 )\33&)%

These corrections will modify the light neutrino mass matrix and the inverse of modified light

neutrino mass matrix in TBM basis can be parameterized as

B + A 0 0 % ()\22 + )\33) 0 % ()\33 - )\22)
M= 0 A 2D |+ 0 A1y 0 wi. (4.22)
0 Z\/§D B-A % ()\33 - )\22) 0 %1 ()\33 + )\22)

Hence, in the charged lepton diagonal basis light neutrino mass matrix can be diagonalized
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by
U=U,-Upr U U, (4.23)
where A
d 0 se
Uiz = 0 1 0 ) (4.24)

s'e® 0 c
with ¢’ =sin# and ¢ = cos#'.

To obtain mixing angles we compare lepton mixing matrix U (4.23)) with PMNS matrix

(53, ie.,

U=Upyns . (425)
The mixing angles sin? 69, sin? fy3 and sin? ;3 are related to the elements of U as

U]
1—|Ug|?’

|Uas |

m, sin 013 |U13| (426)
- 13

SiIl2 912 = Sin2 923 =

where U;; is the 5" element of the lepton mixing matrix U. Now using Eqs. (4.5), (4.15)),

(4.23) and (|4.26]), we obtain

1
sin® 03 = 3 [ — 2v/2s¢s' sin ¢ + s ’2} : (4.27)
1—s?
sin? 019 = , 4.28
Py (23’2 — 2V/25¢'s' sin ¢ + 820/2) (4.28)

V3ed's' cos ¢
3 — (25’2 — 2¢/2s¢s sin ¢ + 52c’2>

1
sin? O3 = 5+ : (4.29)

Another important parameter is Jop, the Jarlskog invariant, which is a measure of CP

violation, is found to have the value in this model as

Jop = Im [U11U22U2*1Uf2]

— 6\/_ {\/_sc (1 + cz) s’ sing — \/588/2} ) (4.30)

In standard parametrization, the value of Jop is
1. ) . .
Jop = 3 sin 2619 sin 2043 sin 26043 cos 013 sin dcp . (4.31)

Comparing Egs. and - we obtain

V2s(c? — 5?) — s'(1 4 ¢?) sin ¢
\/X/(2 =X+ (1= gliom)

sin (Scp =

, (4.32)
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where

X' = [25'2 — 2v2s¢'s" sin ¢ + 520'2} :
Y’ = 2v3¢ds cos ¢ . (4.33)

To show that the model predicts the mixing angles compatible with the observed data,we

0.10 732
[

0.05¢

6' [radian]
o
o
o

-0.05¢
-0.10
0.0
0 [radian]
0.4r
0.2
c c
8 8
8 g 0.0
S =
_0.2,
—04}
-3 -2 A 0 1 2 3 -3 -2 A 0 1 2 3

¢ [radian] ¢ [radian]

Figure 4.2: Allowed parameter space in 6’ — 6 (left panel), § — ¢ (right panel) and ¢ — ¢
planes compatible with the observed data.

obtain the allowed parameter space compatible with the 3o range of the observed data by
varying the parameters s between [—1,1], s’ between [—0.1,0.1] and ¢ between [—7, 7], we
show the allowed parameter space in various planes in Fig. [1.2] Using these allowed values of
different parameters, we show the correlation plots between sin® 613 and sin? 63 (left panel),
sin? 013 and sin? 05 (right panel) and between sin® 6,3 and dcp/Jop (bottom panel) in Fig.
[4.3] From these plots it can be seen that by including higher order correction to right handed

neutrino mass matrix, it is possible to accommodate the observed data.

4.4 Vacuum alignment

We have assumed the vacuum alignment (¢;) = v(1,1,1), (¢o) = vy , (x) = (w1, w2, —w2)

to obtain the structure of mass matrices in lepton sector. One can obtain such vacuum
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Figure 4.3: Correlation plots between sin? 63 and sin? 63 (left panel), and sin? §;3 and sin? 0,
(right panel) and between sin? 63 and dcp/Jop (bottom panel) including the corrections.

alignment in the limit y decouples from rest of the fields. The complete scalar potential is
given by
V=V(d:i) +V(xi) + V(o) + V(i xi) + Vi, do), (4.34)

with

>\¢i 2
Vigs) = u3, Z ol + 71 (Z ¢;¢j> (4.35)

+ A3 (glon +wolds + wslds) (8161 + Wbl + welds)
+ A5 [(6hes) (ehen) + (ohen) (oles) + (d102) (dhen )]

¢ 2 2 2
¥ {%[(qﬁ%@) +(6h0)" + (616) ] +h.c.} ,

2
Vixi) = 13D XX +0%xixaxs + XY (Z Xij) (4.36)
J J

+

Ay’ <X1X1 + wxax2 + w2x3><3) (Xle + w?xax2 + WX3X3)
A5 [exs)” + (ex)” + (axe)?]
2
V(go) = mg,dhdo+ A" (o) (4.37)

+
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V(g xi) = 8°% (ghdaxa + dldixa + dldaxs) + A D dldvuxe (4.38)
7,k

)\g)iXi (¢J{¢1 + w¢£¢2 + w2¢§¢3> (Xle + (,UQXQXZ + CUXSX:S)
AGixi <¢£¢3X2X3 + dhdixaxa + ¢1¢2X1X2) +he,

V(disgo) = AN Z¢}¢j) Ghdo + A3 (Z d1o cbéebj) (4.39)
+ [A5 (@l godhes + dlondler + sldas] o)
+ A% (gloodlen + dhondles + dleodher ) +hel
Vixi o) = A% (ZXij) Do (4.40)
J

The last term in Eq. breaks U(1)xy symmetry explicitly and removes Goldstone boson
which occurs due to the spontaneous breaking of U(1)x symmetry. The vacuum alignment,
(o) = u, (i) = (v,v,v) and (x;) = (w1, wq, —wy) assumed in the model is a possible
minimum of the scalar potential for V' (¢;, x;) = 0. A vanishing V(¢;, x;) can be achieved in
the limit ; decouples from rest of the field as mentioned in Ref. [106]. The decoupling of
Xi requires A, — 0, A%Xi — (. To generate an acceptable neutrino mass spectrum ), has
to be nonzero but can be small. A small but nonzero A, will generate a sufficiently small
V (i, i), which will be too small to alter vacuum alignment considerably. In this limit the

minimization condition on u is given by

g+ 20 () + AP (Jon [P [z P+ e [P) ut A3 (Z k) u
7,k
0. (

- * b kK
FATPT (010905 + vav30T 4+ s3] + AT (10305 + Vev1VE + VU] =

4.41)

The above Eq. (4.41) has a solution

4k ok
" )\?% (V10903 4+ vou3VT + v3vIVE] + )\Z’Z% [V1V3V5 + VoV V5 + V3VVT] (4.42)
— 7 ,

'uio + </\<1ﬁi¢o + /\gﬁﬁo) (2] ’Uj‘Q)
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for |ul? < |v]?.

Thus, for this case, i.e., for |u|*> < |v;]> minimization conditions on v; are given as

oV . .
ot = ,uél’l)l + )\(fl’Ui Z |Uj|2 + )\f’vi (2”Ul|2 — Z |’Uj’2) (443)
i j i
A (Z |Uj]2) + Ay Y vi=0.
J#1 J#i
Considering )\fi as real, one can get the solution
2
—p3,
v = ‘ - — (4.44)
BAY +2 (A7 + A7)
which is allowed.
Minimization conditions on w; is given by
ov [ 2 Xi! 2 2] Xi xil, 3
Bw 2 | py, + A3 (w2 + w3)_ wy + Mwaws + 4N wy =0, (4.45)
ov [ 2 xi! (2 2] Xi xi!, 3
BN = 2, + A3 (wl + w3)_ wy + Mwywsg + AN wy =0, (4.46)
oV [ 2 xil [, 2 2] Xi Xil, 3
Bwn 2 | py, + A3 (w2 + wl)_ w3 + Mwawy + 4N ws =0, (4.47)
one of the solutions of above set of equations is wy # 0, w3 = —wy # 0, which is the vacuum

alignment condition for (x;).

4.5 Effect of additional Higgs doublets on lepton flavor

violating decay u — ey

Since | u [*< v?, one can neglect the mixing between ¢; and ¢y and the mass-squared matrices

in the Re[#Y], Im[¢?], and ¢ bases have the same form [107]

M*=|b a b |, (4.48)

a

where @ — 2 ()\ibz + 2)\%%) 112, _4)&71‘“2’ _2()\? + )\Z’i)v2 and b = 2 ()\‘f% _ )\gz + )\gl + )\fl) 2127
2A%02, ()\?; + )\Z’i) v? for Re[¢?], Im[¢Y], and ¢;" respectively. Hence, there are three linear
combinations of ¢;’s, ¢ = % (P14 ¢ + @3), ¢ = % (1 + Wy + w?g3) and
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9" = % (1 + W?Py + we3) with vacuum expectation values V/3v, 0, and 0 respectively. The
Higgs doublet ¢ with mass-squared eigenvalues (3)\? + 25 + 2)\?) v%, 0, 0 for Re[¢°], Im[¢"]
and ¢* can be identified as standard model Higgs doublet which gives masses to charged
leptons. One can see this by expressing Yukawa interactions of ¢;’s with leptons in charged

lepton mass diagonal basis

L = (me(’/me)L@R + %(Vm 1) s + \/gv(VﬂT)LTR) ¢ (4.49)

Mme —— my, —— —
+ ((V;u ,U)LeR + \/—7;1}(”77 T)LMR + E(Va e)LTR> ¢,

m [
+ | =, 7)er + (v, e + —(v,, "
(S rlyent S cln + g Gire) o

The Higgs doublets ¢’ and ¢” contributes to flavor violating decays such as u — evy. The

prominent contribution comes from ¢’ and the branching ratio is given by [107],

9 (ME—MP\' (W}

where M3 = 2 (3)\3” — D — )\jf") v2, M? = —6)\y'v? are mass-squared eigenvalues of

75 (Re[¢n] + wRe[o] + w?Re[¢s]) and = (Im[¢1] + wim[go] + w?Im[g3]) respectively and

Vg = (1 / 2/2G F) The predicted branching ratio will be below the experimental upper limit
Br(p — ey) < 4.2 x 10713 [114] for

(MI%—M}

3
- -1
AE ) < 1.56 x 1072 GeV ™. (4.51)

4.6 Summary and Conclusions

There are many models in the literature that give tri-bimaximal (TBM) form for neutrino
mixing by extending SM symmetry with A, symmetry. Many models have shown that the
perturbations from higher order corrections can account for the difference in the mixing angle
predicted by TBM and that obtained from oscillation data from various experiments. But
deviation of the mixing angle #,3 predicted by TBM from the observed value is quite high
compared to other mixing parameters as TBM predict vanishing #,3 while experiments mea-
sure moderately large value. Hence, it is appropriate to consider #,3 non-zero at leading order
mixing matrix itself while other mixing angles are close to that of TBM and co-bimaximal

mixing matrix is an example. In this regard, we considered a model based on A, symmetry,
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which gives co-bimaximal form (03 = 7/4, dcp = +m/2 and 013 # 0) for the leading order
neutrino mixing matrix. We found that higher order corrections in neutrino sector coming
from effective dimensional-five operators after spontaneous breaking of A4 symmetry, modify
leading order mixing matrix. And the mixing angles, thus obtained are found to be within
the 30 ranges of their experimental values. The CP violating phase ¢ p is found to be around
the region +7/2, and the upper limit on the Jarlskog invariant is O(1072). There are four
Higgs doublets ¢q, and ¢;, for ¢ = 1,2, 3 in this model. One of the three linear combinations
(¢) of ¢; behaves exactly as standard model Higgs doublet while neutral component of the

other two (¢', ¢") contribute to the lepton flavor violating decays such as u — e.
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Chapter 5

A4 realization of Linear Seesaw and

Neutrino Phenomenology

5.1 Introduction

As discussed before, results from various neutrino oscillation experiments show atleast two of
the three active neutrinos are massive but in the SM neutrinos do not have Dirac mass like
other fermions due to the absence of right handed neutrinos. So neutrino mass generation
in the SM is generally expected to arise from a dimension-five operator [115] known as
Weinberg operator, which violates lepton number. However, in the context of SM very
little is known about the origin of this operator and the underlying mechanism or its flavor
structure. The seesaw mechanisms, type-I, type-1I and type-III discussed in chapter 2 are tree
level realizations of Weinberg operator in beyond the standard model framework. All of them
include some heavy particles that mediate Weinberg operator, in addition to SM particles. For
example, in type-I seesaw setting [116], [117], a detailed discussion of which is given previously
in chapter 2 of this thesis, SM is extended by including the right-handed neutrinos to its
particle content. And these right handed neutrinos mediate Weinberg operator, therefore the
mass of active neutrinos are inversely proportional to that of right handed neutrinos. The
inclusion of right-handed neutrinos Ng,, not only generates the Dirac mass term but also
leads to Majorana mass for the right handed neutrinos, which is of the form N Nj and
violates B — L symmetry. The smallness of active neutrino mass is ensured by the high value
of Majorana mass of the right handed neutrino. In these cases, if Dirac mass of neutrinos
are of the order of lightest charged lepton mass i.e., electron mass, the Majorana mass has
to be in TeV range to get the observed value of active neutrino mass [53]. But if such models
have to be embedded in Grand Unified Theories (GUTs) where both Quarks and Leptons

are treated on the same footing, the Dirac mass of neutrinos will be of the order of that of
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up-type quark [I18] and the observed value of active neutrino mass requires Majorana mass
to be of the order of 10> GeV, which is beyond the access of present and future experiments.
In a similar way, we have seen in chapter 2 that in type-II seesaw mechanism new particle
involved is very heavy.

Many possibilities were proposed to have not so heavy Majorana mass and the existence
of other type of neutrinos called sterile neutrinos (S) is one among them [I19]. Now the
neutrino mass can be expressed in the form of a 3 x 3 matrix with each element represents
a matrix. Depending on the position of the zero elements in the mass matrix in the basis
(v, Ng, S), active neutrinos receive masses through two different mechanisms called inverse
seesaw [119, 120] and linear seesaw [57], which are discussed earlier in chapter 2. In all those
cases, the smallness of neutrino mass is not only depends on the ratio of Dirac mass to heavy
neutrino mass but also depends on another parameter, 13 element of neutrino mass matrix
in the case of linear seesaw and 33 element of neutrino mass matrix in the case of inverse
seesaw hence, allows to have heavy neutrinos in TeV range and bound on the ratio comes
from non-unitarity effect.

All those seesaw mechanisms require some of the elements of mass matrix to be zero or very
small but none of them are prevented by SM symmetry. All those terms except 33 element in
the matrix will be prohibited if the SM symmetry is extended to SU(2), x SU(2)g x SU(3)c,
since in those symmetry groups right handed neutrinos are no longer singlets. But linear
seesaw requires 33 element of the mass matrix to be zero or very small which is difficult to
obtain with gauge symmetry, as sterile neutrinos are singlets in all gauge groups. But such
terms will be absent if there is flavor symmetry under which sterile neutrinos have non trivial
representation.

Here we consider the realization of linear seesaw with A, symmetry, since A4 symmetry
is proved to be successful in generating variants of tribimaximal mixing for lepton mixing
that can accomodate recent results from neutrino oscillation experiments. We extend SM
symmetry with Ay X Z4 X Z3 along with an extra global symmetry U(1)x, as discussed in Ref.
[121]. The SM particle content has been extended by introducing three RH neutrinos, N,
and three singlet fermions, Sg, along with the flavon fields (¢g, o7, &, &, p, p'), to understand
the flavor structure of the lepton mixing. The proposed model gives almost similar result
as in [I2I] in the context of neutrino oscillation, but has a different physics aspect in the
case of heavy neutrinos. In [I21], the active neutrinos get their mass through inverse seesaw
with the prediction of six nearly degenerate heavy neutrinos but in our case there are three
very different mass state with each state is nearly doubly degenerated. Also, our proposed

scenario is very much suitable for Leptogenesis as discussed in [39, [122], where the analytic
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expression for CP asymmetry and corresponding baryon asymmetry for the case of three
pairs of nearly degenerate heavy neutrinos can be found. In Ref. [122], the contributions
of the absorptive part of Higgs self-energy to CP violation in heavy particle decays termed
as e-type CP violation, has been discussed elaborately. Such contributions are neglected in
many cases as they are small compared to €-type, the CP violation in heavy neutrino decays
due to the overlapping of tree-level with one-loop vertex diagram. They have provided the
formalism to deal with mixing of states during the decay of the particles and have shown that
there is resonant enhancement of e-type CP violation, if mixing states are nearly degenerate.
The CP asymmetries due to both types of CP violations for a model with a pair of nearly
degenerate heavy neutrinos are also calculated and it was shown that the CP asymmetry due
to e-type CP violation is about 100 times more than that of due to €-type, which in turn
predicts the correct baryon asymmetry of the Universe.

The next section of this chapter presents the model framework of linear seesaw while the
Ay realization of linear seesaw and its implication to neutrino oscillation parameters and
discussion on Leptogenesis are present in the subsequent sections. And the chapter ends

with summary and conclusions.

5.2 The model framework for linear seesaw

We consider the minimal extension of Standard Model gauge group Gem = SU(2), x U(1)y,
omitting the SU(3)¢ structure for simplicity, with two types of singlet neutrinos, which are
complete singlet under Ggyy, for implementation of linear seesaw. We denote these neutral
fermion singlets as right-handed sterile neutrinos N, and Sg,. Both these neutral fermion
species have Yukawa coupling with the lepton doublet L. In addition, one can write down a
mixing term connecting these two species of neutrinos. The bare Majorana mass terms for
Np, and Sg, are either assumed to be zero or forbidden by some symmetry arguments. The

leptonic Lagrangian for linear seesaw mechanism is given by

—L = yLHNg +hLHSg + NgmpsS§ + h.c.

= vpmpNr + 7rmisSr + NrmpesSh + hec. . (5.1)
The full mass matrix for neutral leptons in the basis N = (v, N§, S§)7T is given as

0 mp mys
M=|m) 0 mgs|. (5.2)

T T
Myg Mpgg 0
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The resulting mass formula for light neutrinos is governed by linear seesaw mechanism

m, = MpMmpsMigt transpose . (5.3)

5.3 An A, realization of linear seesaw

In this section, we wish to present an A4 realization of linear seesaw which has been discussed
in the previous section. The particle content of the model and their representations under
flavor symmetries are presented in Table . We introduce an extra global symmetry U(1)x
which is broken explicitly but softly by the term pf)g p€+h.c., in the Higgs potential to prevent
Goldstone boson [106]. This term not only breaks U(1)x symmetry but also gives non-zero
vacuum expectation value to p, (p) = p2c(§)/m?2. Here i, has mass dimension one and it
is natural to assume that fi,¢ is very small to m,, the mass of p since, uzfpg + h.c. breaks
U(1)x symmetry while all other terms in the Higgs potential respect all symmetries of the

model. Therefore, vacuum expectation value of p is very small compared to that of &, i.e.,

{p) < (&)

Fields eR 1R TR L H Ngr Sgr RS 5/ P P,
Ay 1 1”1 3 1 3 3 3 3 1 1 1 1
Z4 - =i =i —i 1 i 1 1 ioio1 —i -1
Zs 1 1 1 1 1 1 w 1 w o ow w w1
X -1 -1 -1 -1 0 0 © 0 0 0 0 -1 -1

Table 5.1: The particle content and their charge assignments for an A, realization of linear
seesaw mechanism.

The Yukawa Lagrangian for the charged lepton sector is given as
)\5 = )‘M = ! )\T = "
L =— { [A (Lor) HeRl + [A (Lor) HMR] + [A (Lor) HTRH :

After giving non-zero vacuum expectation values (VEVs) to SM Higgs as well as flavon fields

and breaking all symmetries, the mass matrix for charged leptons is found to be

M, = UUXTdiag s A Ar) (5.4)

!The implication of linear seesaw can be found in [39].
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where the VEVs of the scalar fields are given as

v=(H), vp= (7). (5.5)

For linear seesaw mechanism, the Lagrangian involved in the generation of the mass matrices

for an A, flavor symmetric framework can be written as

~L, =L,n + Lys + Lus , (5.6)
where
_—~ p/
Lon =y LHNR | (5.7)
Los = yZZﬁSR§ , (5.8)
Lns = (Agts + Ms€ + Xosé) NrSg - (5.9)

It should be noted that the terms L, n, L,s and Lyg represent the contributions for Dirac
neutrino mass connecting vy, — N, v, — Sk mixing and N — S§ mixing terms. If one looks
at the mass formula for light neutrinos governed by linear seesaw mechanism given in Eq.
, one can use the mass hierarchy as mgrs > mp, mrs. That is the reason why we forbid
7N and 7S terms at tree level and generate them by dimension five operator, while the heavy
mixing term N — S is generated at tree level.

Using the following vevs for the scalar and flavon fields

<¢S> = US<17 L, 1)? <£> = Vg, <€I> = Vg, <p> = Up, <pl> = Uy ,

the various mass matrices are found to be

100
mp = ylviil 0 01 ) (5.10)
010
100
Up
mLS:ygvK 00 1|,
010
2 -1 -1 100 00 1
mes = 5| -1 2 —1|+bl 001 [+df0 10|, (5.11)
1 -1 2 010 100

where a = )\}#(,Svg, b= )\§st5 and d = )\%Svg.

69



A, realization of Linear Seesaw

The first term in Eq. (5.11)) comes from \; ¢, (VRSE)g , where (]\Tqu%)g is a triplet which

is symmetric under exchange of Ny and Sg. The product of two triplets can also form a

triplet which is antisymmetric under the exchange of the particles. In linear seesaw, the mass
of the light neutrino is represented as m, = mDmgéme+transpose, and as seen from Eq.
the mass matrices mp and mpg are symmetric and are related as mp o< mps. Hence,
in m, =mk(mgs + mgéT)mLS, the antisymmetric part cancels out and only symmetric part

survives.

5.4 Neutrino Masses and Mixing

For calculational convenience one can rewrite the mgg mass matrix (5.11)) as

20/3+b  —a/3 —a/3 0 0 d
mrs=| —a/3 243 —a/3+b |+| 0 d 0| (5.12)
—a/3  —a/3+b  2a/3 d 00

Thus, with Egs. (5.3), (5.10) and (5.11)), one can obtain the the light neutrino mass

m, = mDm]}}gm{S + transpose
1 00 1 00
= kiks| 0 0 1 |mprs| 0 0 1 [, (5.13)
010 010
where the parameters k; and ko are related to the vevs through
ki = ﬁywﬁ ko = \/51/2@%
A A
Hence, the inverse of light neutrino mass matrix is given by
. 20/3+b —a/3 —a/3 . 0 do
m,' = — | —a/3 2a/3 —a/3+b |+-— | d 0 0 |, (5.14)
klkg kle
—a/3  —a/3+b  2a/3 00 d
which in TBM basis will have the form, i.e., m;" = Ulgym;, 'Urgw,
a+b—d/2 0 —¥3d
m; Y = 0 b+d 0 : (5.15)
—¥3q 1 a-b+d/2
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1 can be

The inverse mass matrix m; ' can be diagonalized by Uj;. Hence, the matrix m;
diagonalized by Urpy - Ufy, and thus, the matrix m, can be diagonalized by Urpgys - Uss,

while mgs by Urgas - Uf;,. The complex unitary matrix U;3 has the form

cosf 0 sinfe %
Uiz = 0 1 0 : (5.16)

—sinfe™ 0 cosé

where the parameters 6 and 1) are expressed in terms of the mass matrix parameters d/b =

e a/b = NgePe as

V31 cos ¢ap
(A1 €OS Pap — 2) costh + (2Ag 8in Pgp) sin )’

tan 26 = — (5.17)

and

sin @ gp
A2 €0S(Gap — Gap)

tany = (5.18)

The eigenvalues of m, and mpgg are related to each other as

 kik
=

(5.19)

)

where m; and M, are i'" eigenvalues of m, and mpg respectively. The eigenvalues of mpg

can be expressed as

M, = b )\26i¢ab _ \/1 + A2e2ibar — \jeidan | |

M2 = ) _1 + )\1€Z¢db1| s

My = b )\262'%1: 4 \/1 + )\%621¢db — \ieiav | | (520)

which give the mass of the heavy neutrinos as M; = |M;|. Explicitly, one can write the heavy

neutrino masses as

1/2
My = [BIM; = [b] [(As cos guy — C) + (Agsin gy — D)?]
, 2 1/2
My = [b|Mj = b [1+ X} +2\ cosa|
1/2
My = [BIA = [b] [(As cos gy + O)? + (zsingun + DY] " | (5.21)
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where
A+ VAZ T B2 A+ AT B
C = + 5 D=+ )
2 2
A = 14+ X cos20p — M\ cosda, B = \isin2dg — Asin ¢g , (5.22)

and the phases ¢;s as

_ _/\2 sin gbab - D
= tan ' |2
¢1 an _)\2 sin ¢ab - C] ’
[ Aisingg
= tan ' |—— T2
¢2 a i 1+ )\1 COS gzﬁdb ’
_ -)\2 sin Cbab + D
= tan ' | ——2 |, 2
¢s an | Ao sin ¢gp + C (5.23)

Thus, the active neutrino masses m; = |m;| and the matrix which diagonalizes active neutrino

mass matrix U, are given by

I o071
7 MZ 9
U, = Urpm-Uz- P, (5.24)

with P = djag(eﬂﬁsl/?, efz'<z>2/27 67i¢3/2)‘

The lepton mixing matrix, known as PMNS matrix is given by [123] 48]
Upyns = U - U, , (5.25)

where U; and U, are the matrices which diagonalize charged lepton and neutrino mass ma-

trices. Here U, = I and U, = Urpgys - Uy - P, hence,
Upvuns = Urpy - Urs - P, (5.26)

which is proved to be in good agreement with the experimental observations [91], [124]. The
PMNS matrix can be parameterized in terms of three mixing angles (63, 63 and 6;5) and

three phases (one Dirac phase dcp, and two Majorana phases p and o) as

—idcp
C12C13 $12€13 S13€
= — _ idcp _ idcp
Upnins = S12€23 — C12513923€ C12C23 — 5125139236 €13523 p,, (527
— iéCP _ _ ’L'(SCP
812823 = C12513C23€ C12523 — 512513C23€ C13Ca3
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where ¢;; = cosf;; and s;; = sin6;; and P, = diag(e’, e, 1). From Eqs. (5.26) and (5.27),

one can find
sinf = \/§Sin (913

sin 5CP = —

sin ¢
Jl _3(2-3sin?0y)

(1— sin? 613)? sin® 013 cos? ¢

~ —sin . (5.28)

The above expressions relate the parameters of the model, i.e., 8 and ¥ to the mixing observ-
ables sin? 013 and Jcp respectively. Since sin? ;3 is known more precisely than dcp, in our
calculation we fix 6 by fixing sin? 0,3 at its best fit value while considering all possible value

of ¢ for which dcp falls within its 30 experimental range.

5.5 Numerical results

Using Egs. (5.19) and (5.21)), the light neutrino masses are found to be

kika|  |Riks| 1
m; = = — .
M; o] M

(5.29)

Since only the mass squared differences, Am2, (solar mass squared difference) and |Am3,|
(atmospheric mass squared difference) are measured in neutrino oscillation experiments, we

calculate the mass squared differences from Eq. (5.29) as

kiko | (1 1
Am%l = b <M§2 - M{2> )
kiks P/ 1 1
Am3,| = ) )| (5.30)

Substituting the set of Egs. (5.21)) in the above equations, we find the ratio of the two mass

squared differences as

- Amz [()\2 €08 @ap + C)* + (A2 8in s + D)Z]
|Am3, | 14+ A2 + 2\ cos dg
(A2 cos gap — €)% + (Ao sin gap — D) — (1 + A + 21 cos dap)
l 43| C oS Gap + D sin ¢y 1 '

(5.31)

Now using equations (5.17)), (5.18)), (5.21)), (5.22)) and [5.31, and by fixing the parameters

®av, Y and 6, one can find numerical values of M/’s. Once M]’s are known can be

1R2
b
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Figure 5.1: Variation of Ay, the lightest neutrino mass (m;) and X;m; with ¢, red lines are
for inverted hierarchy and green lines are for normal hierarchy.

calculated from ([5.30) as

k1 ko
b

_ Amg  _||__Amy (5.32)

R emy
M2 M
which will also give the absolute value of light neutrino masses as all the quantities on the

right hand side of ((5.29) are now known.
We now rewrite the expression tan ([5.18]) in terms of ¢4, as

oagp = 0,7, for tany =0, (5.33)
and ‘
Gab = Gap + cOs (;;;?l) , for tany # 0, (5.34)

and consider the following cases to see the implications.
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5.5.1 Correlation between model parameters with tany = 0

In this case ¢g, will be either 0 or 7, and for ¢4, = 0 one can obtain from Eq. (5.17)

2 tan 260

=— 5.35
! V3 + tan 26 ( )
and the ratio of the mass square differences r satisfies the relation
2 2 2 2 2 2 1 2
= 0.03 = )\2 + )\QC COS ¢ab +C )\2 )\QC COS ¢ab +C ( + )\1) ’ (536)
(14 Ap)? Ao |C cos Gap|
where C' = 4/ w The eigenvalues of mpgg in this case become
My = [b]y/A3 = 20C cos Gy + C2 |
My = [b[(1+\),
My = [b]y/A3 + 2290 cos duy + C2 . (5.37)

Now from Eq. (5.36]), using the measured values of r (0.03), variation of the parameter \g,

the lightest neutrino mass (m;) and the sum of active neutrino masses Y m; with ¢, are

shown in Fig.
While for ¢g, = 7

2 tan 26
A= (5.38)
V3 — tan 20
and the ratio of the mass square differences r satisfies the relation
- 0.03 — A2+ 2050 €08 dgp + C?] [ A2 — 2220 o8 Gy + C? — (1 — Ap)? ’ (5.39)
(1—X1)2 42| C oS G|
with C' = 4/ %, and the eigenvalues of mprg are given as
My = |bly/A3 — 2290 cos G + C2
My = [b[(1= A1),
My = |b]y/A3 + 2290 cos g + C2 . (5.40)

Analogous to Fig. [5.1] the variation of various parameters with ¢ is shown in Fig. 5.2} From
the plots it can be seen that for normal ordering, the allowed parameter space is severely

constrained.

75



A, realization of Linear Seesaw

3
2
=
14’"\\ /\
00 0.5 1 1.5 2
Pan/m
1 1
Zimi>0.236V
0.1 | %
- & _/ \
S 0.01/ \— 5 01
0.001
0 0.5 1 15 2 001 04 08 12 16
b/ Gap/m

Figure 5.2: Variation of Ay, m; and ¥;m; with ¢4, red points are for inverted hierarchy and
green points are for normal hierarchy.

5.5.2 Correlation between model parameters with tan # 0.

With tan # 0, the analytic expression for A\; is given by

29 tan 26 cos ¢qp sin Y
Sin ¢gp [\/g + tan 26 cos w} ‘

AL = (5.41)
We obtain the correlation plots between various parameters as given in Fig. and Fig.
by varying ¢4, between 0 to 2w and dcp in its 30 range (0 — 0.177) @ (0.767 — 27) while
fixing sin? 63 at its best fit value [125].

Comment on Neutrinoless double beta decay: The experimental observation of neutrinoless
double beta decay would not only ascertain the Lepton Number Violation (LNV) in nature
but it can also give absolute scale of lightest active neutrino mass. The experimental non-
observation of such a event puts a bound on half-life of this process on various isotopes which
can be translated as a bound on particle physics parameter called as Effective Majorana
Mass. In the linear seesaw model, the light Majorana neutrinos contribute to neutrinoless
double beta decay while the heavy pseudo-Dirac neutrinos give suppressed contribution.

The measure of LNV can be understood with the key parameter called Effective Majorana

76



A, realization of Linear Seesaw

NH H

dcp/m

Figure 5.3: Correlation plots between \; and Ag for normal hierarchy (top left panel), for
inverted hierarchy (top right panel) and between X;m;, m; and dcp in the bottom left (right)
panel for normal (inverted) hierarchy. The vertical and horizontal bands represents the values
of d¢p beyond its 3o range and ¥;m; > 0.23 eV, the upper bound on sum of active neutrino
masses given by Planck data, respectively.

Mass which is defined as

|Mee| = |ml,| = |UZmq+ UZmae” + UZmze”|. (5.42a)

€ €

The light neutrino mass eigenvalues my, mo, m3 depend on input model parameters. These
input model parameters are constrained to their allowed range in order to satisfy the os-
cillation data giving correct values of mass-squared differences and mixing. The Majorana
phases p and o are related to ¢4 and ¢4 in some way and thus, they are constrained to
take limited value. The element of PMNS mixing matrix derived from the knowledge of
tribimaximal mixing multiplied by rotation matrix in 13 plane. The estimation of Effective
Majorana mass parameter using these already constrained input model parameters with the
variation of lightest neutrino mass in displayed in Fig. [5.5] where left-panel is for NH and
right-panel is for IH pattern of light neutrino masses.

The current limit on half-life (or translated bound on effective Majorana Mass parameter
mY,) from GERDA Phase-I [126] is T7/,("Ge) > 2.3 x 10% yr implies |m..| < 0.21eV
and from KamLAND-Zen [127] as T7/,(***Xe) > 1.07 x 10* yr implies [me| < 0.156V.
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Figure 5.4: Correlation plots between ¢g,, ¢ap and dcp for normal (left panel) and inverted
(right panel) hierarchy. The vertical band represents the values of dcp beyond its 30 range.

There is also bound from CUORE experiment on effective Majorana mass parameter as
|mee] < 0.073eV [128]. The expected reach of the future planned O3 experiments including
nEXO experiment gives T7,(**Xe) ~ 6.6 x 10*" yr [129]. The variation of effective mass
parameter in green points with lightest neutrino mass is shown in Fig. for tany = 0
and the same is plotted in Fig. for tany # 0. The left-panel is for NH pattern and
right-panel is for ITH pattern of light neutrino masses. The horizontal lines represent the
bounds on Effective Majorana mass from various neutrinoless double beta decay experiments
while the vertical shaded region are disfavoured from Planck data. The present bound is
my < 0.23 eV from Planck+WP+highL+BAO data (Planckl) at 95% C.L. and my < 1.08 eV
from Planck+WP-+highLs (Planck2) at 95% C.L. [15, [130].

This plot shows that quasi-degenerate pattern of light neutrinos are disfavoured if we consider
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Figure 5.5: Variation of Majorana parameter M. which is an observable in neutrino less
double beta decay with lightest neutrino mass for the case of normal(left panel) and inverted
hierarchy(right panel) for tan = 0.
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Figure 5.6: Variation of effective Majorana parameter M., which is a measure of lepton
number violation with lightest neutrino mass for the case of normal (left panel) and inverted
hierarchy (right panel) for tan # 0.

the bound on sum of light neutrino masses from cosmology. The current bound on Effective
mass parameters from GERDA Phase-I and KamLAND-Zen proves that NH and IH pattern
of light neutrinos are not sensitive. However, the future planned nEXO experiment is sensitive

to both pattern of light neutrinos.

5.6 Leptogenesis

It is well known that leptogenesis is one of the most elegant frameworks for dynamically
generating the observed baryon asymmetry of the Universe. In the resonance leptogenesis
scenarios, since the mass difference between two or more heavy neutrinos is much smaller

than their masses and comparable to their widths, the CP asymmetry in their decays occurs
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primarily through self-energy effects (e-type) rather than vertex effect (€¢’-type) and gets
resonantly enhanced. In the present A4 realization, since the mass splitting between the two
heavy neutrinos is rather tiny, it provides the opportunity for resonant leptogenesis, which
will be discussed in this section.

During the calculation of light neutrino masses and mixing, we have neglected the higher
order terms in the Lagrangian £, as displayed in Eq. , which are given with extra

dimension six operators as follows

/

PPN NG + [Aaudl + AgetrT + Ager€'t pfﬁ?sc 5.43
A2 RR+{S¢>¢3+ se¥' + Sglf]AQ rRSR . (5.43)

— {P\N¢¢S + Ane& + Aner€]

as these extra terms do not make much difference in those calculations, but they make tiny
mass splitting in doubly degenerate mass states of heavy neutrinos. Including these additional

terms, the Majorana mass matrix My becomes

M, = ( MR RS ) , (5.44)

mhy  mg
where
. %)\N(bvs -+ )\Ng’l)g —%)\Ndﬂjs —%)\NgbUS
mgr = % —%)\Nqﬂ)s %ANqﬁUS _%)\Nqﬁ'US + Aneve
_%)\NQSUS —%/\N(jﬂls + /\Ngvg %)\qus
0 0 )\Ngvg
+ 2 0 0
A2 NE,US/ y
)\Nglvgl 0 0
and
v %)\Sqﬂ}s + )\55715 —%Asgﬂ)s —%)\Sd)vs
mg = 5\2/) —%)\S(ﬂ)S %)\Sqﬂ)g _%ASdUS + )\55’1)5
—%)\Sqﬂ)g —%)\S(zﬂ)s + )\552]5 %)\S¢U5
. 0 0 )\Sgl’l)g/
+ RQP O Assll)g/ O . (545)
/\S§/U§/ 0 0

I -1
The mass matrix My can be approximately block diagonalized by the unitary matrix % (

I I
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and becomes

mpr + mg
, Mps + Y mg — Mg
M2 = mpgr+mg
ms — Mg —mps + T
mpr+m
mps + RTS 0
~ mp+mg | (5.46)
0 —Mps + ————
2
with eigenvalues
/
ME~ M <1 + Ul m1> :
! ' A2 M,
/
ME ~ M (1 + ol mZ) ,
2 ? A2 M,
/
MF ~ M. (1 + Lot m3> , 5.47
3 3 A2 M3 ( )

where

[ b — L (bd +Vd dd'\1 .
m} = 2Re{ |d — 3 (bd +bd) + e i
Vb2 — bd + d?

my = 2Re [(l;/—i-d/)e’id’?},

[ b — L (bd +b'd) +dd\] _,
r / 2 —ip3
ms = 2Re{_a+< Ry r ) e },

o1
(Ang + Asg) vs, b = 5 (Ane + Ase) ve

()\NE/ + )\55/) U&/ s (548)

and ¢; is the phase associated with M;. The above set of equations show that m;, can be of
the order of M; since a, a’ are of the order of vg, b, b’ are of the order of v¢ and d, d' are of
the order of vg .

The decay of nearly degenerate heavy neutrinos creates lepton asymmetry, and is given as
[39]
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where
L[ (mly  mle\ /mp s
ANii_QKviv)(Uiv)L (5.50)
2 _
TN, = M{]\;{:M]\f_; 2w4<vj\1}2p/22> )
mp = mpUrsmUls,  tns = mpsUrsmUss . (5.51)

Since ry, < ANZ_i, NG+ e 2ANi ~ o A2, for s < mp

NE

T'NiUZ

ey ~ —1287Im [m] gip| (5.52)

Substituting mhmp = |y1|? (vo, JA)?, MhmLs = yiyav? (v, /A?) and

rN, & 4 (v,0,/A?) (m}/M;) in the above equation, we obtain

2 *

€t ~~ —H127
. <Up’ it M;

Writing yiys = |y132]e?, one can have

2 /
”) vl ™ g, (5.54)

v
~ —5H12
R " (U | M;

Here we calculate the baryon asymmetry for the case M3 < My < My, i.e., normal hierarchy
in active neutrino sector. It is mainly the decay of M3 that contributes to the final baryon
asymmetry. Since the decay is in strong wash out region, final baryon asymmetry is given
by [39],

28 0.3€ 5=
TN ™ 1;( o
9Kz (In Kyz)

(5.55)

where K+ = L (8. s Mp: A 106.75 and M, 2.435 x 10'® GeV are
= — . N ) = 2.
NG Kl 90 M+ N 9 Pl

relativistic degrees of freedom of SM particles and Planck mass respectively. Here

”%((GV)]U

2> 1, (5.56)

Up
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as mg is of the order of 1072 €V and %’ > 1. Substituting KNB:t and €Nz in Eq. (5.55) gives

ms(eV 2
( 130(—2)) |ya|ms
K3, (In Ky, )06 | |y1[3M;

np ~ 0.174 sin 0, . (5.57)

For y; ~ y5 and % ~ 1 the above equation gives

10—2
1 [2KR,, (In Ky, )06

msz(eV) 2
np < 0.174 ()

(5.58)

For m; < 0.005 eV, m3 & 0.05 eV, with this value of ms, |y;|> = 107 and ng = 6.9 x 1071°
from (5.56)) and (5.58)) we found the minimum value of v,/v, requires to generate observed
baryon asymmetry as

Yp

=5.07x107°. (5.59)

Yo/ i

Comment on Non-unitarity in leptonic sector:

In usual case, the light active Majorana neutrino mass matrix is diagonalized by the PMNS
mixing matrix Upyins as Ubys 7 Ui = diag (m1, ma, mg) where my, mo, ms are mass
eigenvalues for light neutrinos. However, the diagonalizing mixing matrix in case of linear

seesaw mechanism—where the neutral lepton sector is comprising of light active Majorana

neutrinos plus additional two types of right-handed sterile neutrinos is given by
N >~ (1 —n)Upuns , (5.60)

where the non-unitarity effect is parametrized as [I31],

1
0= MM mpsm (5.61)

In the linear seesaw framework under consideration, the N — S mixing matrix mpgg is sym-
metric and with y; & v, the v — S mass term can be expressed as m! gmpg = sy Mo(v,/vy)
where mg and M, are the masses of heaviest active and lightest heavy neutrinos respectively.
Thus, the above relation for n can be written in terms of light neutrino mass matrix and
other input model parameters as

MMy

= 5.62
4m0Mg%§, ( )

n

The maximum value of n for inverted mass hierarchy with lightest neutrino mass m; ~
0.005 eV while considering the constrained value of the ratio of VEV (v,/v,) = 5.07 x 1075

as derived from the discussion of leptogenesis and using My = 5 TeV can be obtained as
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follows
4 x 10712 10~ 10~

1
In| ~ 3 1071 5x 1071 5x 1071 |. (5.63)
1071 5x 107" 5x 1071

Using the representative set of model parameters my and M,, the mass matrices mp and

mps are expressed as follows

M, [
mp = OmO’ mrs = Y Mom() . (564)
Up/ Uy Upr

Using the constrained value of these model parameters my and M, the Dirac neutrino mass

connecting v — N is found to be mp ~ 70 MeV and the other mass term connecting v — S is

mrs ~ 3.5 keV.

5.7 Summary and Conclusions

Linear seesaw is a fruitful mechanism that generates tiny neutrino mass with prediction of
new particles which are light enough to be observed in future experiments. Realization of
linear seesaw requires to turn off some of the interactions which are allowed by SM symmetry
hence, SM symmetry has to be extended. Considering the success of A4 symmetry to explain
the observed lepton mixing, in this chapter we have considered A4 realization of linear seesaw
to explain the tiny mass of active neutrino as well as the lepton mixing.

The SM symmetry is extended with Ay x Z; x Z3 and a global symmetry U(1)x which is
broken explicitly in Higgs potential. In addition to SM fermions, the model has six heavy
fermions, three right-handed neutrinos (/N;) and three sterile neutrinos (5;). We found that
each mass state of heavy neutrino is nearly doubly degenerate with a small mass splitting,
which can be neglected for the calculation of active neutrino mass and mixing parameters.
The mass of active neutrinos are found to be inversely proportional to that of heavy neutrinos.
The model predicts lepton mixing matrix i.e., the PMNS as Urpgys - Uiz - P, where U3 is the
rotation in 13 plane and hence, explains well the results on mixing angles and dop from
oscillation experiments. We obtained the parametric space and correlation plots between
various observables by fixing 6,5 at its best-fit value and the ratio mass squared differences,
Am3,/|Am3,| at 0.03 and varying dcp in its 30 range.

We have demonstrated that pairs of nearly degenerate Majorana neutrinos in the model opens
up the scope to resonant leptogenesis to account for the baryon asymmetry of the universe.
We calculated the minimum value of v,/v, to generate observed baryon asymmetry by fixing

the mass of lightest heavy neutrino in TeV for the case where heavy neutrino mass are highly
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hierarchical so that the only contribution to baryon asymmetry is from the decay of two
lightest heavy neutrinos, the parameter space which satisfies this condition predicts normal
hierarchy in active neutrino sector with lightest one less than 0.005 eV. In this case the
maximum non-unitarity value, the model can accommodate in leptonic sector is very small
and is of the order of 107'! and the mass parameters are found to be mp ~ 70 MeV and

mrs =~ 3.5 keV.
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Chapter 6

Summary and Conclusions

On account of many neutrino oscillation experiments, now we have clear idea about most
of the oscillation parameters and the future experiments may fix all unknowns. Hence, the
structure of neutrino mass matrix can be reconstructed and the mass matrix corresponds to
current oscillation parameters is nearly u—7 symmetric. The deviation from p—7 symmetry
is due to nonzero 613 and deviation of 53 from /4. So the mass matrix can be p—7 symmetric
at leading order with the symmetry breaking in higher order corrections to the mass matrix.
It is also possible that at high energy there exists a bigger symmetry which breaks to u — 7
symmetry at lower energy. Hence, the observed form of lepton mixing matrix can be due
to the symmetry between the generations of fermions known as flavor symmetry that exists
at high energies. This thesis explores the scope of flavor symmetries to interpret the recent
results on neutrino mass and mixing.

The first chapter of this thesis discussed basic properties of neutrinos, standard model of
particle physics and neutrino oscillation. The discussions on Higgs mechanism and Weinberg-
Salam model explains why neutrino is massless in SM. The current best-fit values and 3o
ranges of oscillation parameters are given in this chapter which show that atleast two of the
three active neutrinos are massive hence, hint towards physics beyond SM. An overview of
the thesis is given at the end of this chapter.

The second chapter presents various seesaw mechanisms which give the origin of tiny neutrino
mass in beyond SM framework. The seesaw mechanisms include Type-I, Type-II, Type-III,
linear and inverse seesaw mechanisms. A brief discussion of neutrinoless double beta decay
which is a prediction of all the above mentioned seesaw mechanisms, is included in this
chapter. The chapter ends with a discussion about some symmetry forms of neutrino mixing
patterns such as Tribimaximal mixing (TBM) , Bimaximal mixing (BM), Hexagonal Mixing
(HG), Golden ratio A (GRA), and Golden ratio B (GRB) etc, and corresponding mixing

matrices.
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Possible forms of perturbations to above mentioned standard forms of neutrino mixing pat-
terns and their phenomenological implications are discussed in third chapter. All these forms
correspond to p — 7 symmetric neutrino mass matrix in charged lepton mass diagonal basis
hence, predict vanishing reactor mixing angle (613 = 0) and maximal atmospheric mixing
angle (023 = 7). But the recent experiments, Daya-Bay, RENO and T2K measured 6,3 as
nonzero. Moreover data from MINOS experiment hints towards deviation of a3 from /4.
Hence, for being compatible with the experimental observations all these standard forms of
neutrino mixing matrices have to be modified by including appropriate perturbations.

The lepton mixing matrix can be represented as Upy;ng = U; U,, where U; and U,, are matrices
that diagonalize charged lepton and neutrino mass matrices. Therefore, the deviations in
lepton mixing matrix can be initiated from both charged lepton and neutrino sectors. In
this chapter, U; is considered as identity and U, as above mentioned symmetry forms at
leading order along with perturbations either to U; or U,. The forms of perturbations are
taken as rotations in various planes since, such forms have minimum number of independent
parameters, one rotation angle and one phase.

In charged lepton sector perturbations are taken as rotation in (12) and (13) planes and
similar results are obtained in both cases. The mixing angles obtained for all symmetry
forms of U, are found to be in good agreement with the experimental results. In these cases
limits on Dirac d¢p and Jarlskog invariant Jop are obtained and upper limit Jop is found to
be of the order of 1072,

In neutrino sector perturbations in the form of rotation in (13) and (23) planes are considered.
For the case of deviation due to (13) rotation, the mixing angles obtained with TBM, GRA,
and GRB forms for U, are found to be in good agreement with the experimental results.
While in the case of (23) rotation, predictions of TBM and GRB for U, are in-line with the
experimental results. It is found that in both cases Jop of the order of 1072 is possible.
Whether these findings can be tested in the currently running NOv A experiment with 3 years
of data taking in neutrino mode followed by 3 years with anti-neutrino mode is inspected in
this chapter and predicted value of dcp is expected to be supported by the data from the
experiment.

Chapter 4 of the thesis discusses a model based on A, symmetry that gives Co-bimaximal
form for lepton mixing matrix at leading order. Co-bimaximal mixing is a modified form
of TBM and is given by TBM followed by a rotations in (23) plane. In this model SM
symmetry is accompanied by A4 and a global U(1)x symmetry. The U(1)x global symmetry
is broken explicitly in Higgs potential which avoids the Goldstone boson that would arise

if the symmetry broke spontaneously. Corrections to leading order mixing matrix due to
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effective five-dimensional operator in neutrino sector is considered and found that mixing
angles obtained are well within the experimental bound.

The model employs Type-I seesaw mechanism to generate tiny neutrino mass thus, one
expects neutrino to be of Majorana type. Majorana type neutrinos can mediate neutrino-less
double beta decay (0v3[3), a process where two neutrons inside a nucleus convert into two
protons without emitting neutrinos, i.e., (A, Z) — (A, Z+2)+2e. And the half-life of Ov3f is
proportional to square of (1,1) element of neutrino mass matrix in flavor basis, i.e., (| M.|?).
Hence, an upper bound on M, is obtained from several experiments like KamLAND-Ze,
EXO, and GERDA which are searching for Ov3 decay. In this regard, the variation of | M..|
with lightest neutrino mass m; (ms3) for normal (inverted) hierarchy is studied and found
that |M..| is below the experimental upper limit for all allowed values of lightest neutrino
mass.

There are two types of Higgs doublets in the model, one is a singlet under A4 and gives mass
to neutrinos whereas the other one is a triplet under A4 and gives mass to charged leptons.
Hence, there are four Higgs doublets in this model and one of the four linear combinations
of Higgs doublets should behave as SM Higgs doublet. The mixing of A4 singlet Higgs with
triplet is found to be negligible. Therefore, the singlet Higgs is in definite mass state while
three linear combinations of Higgs triplet form three mass eigenstates. Out of the three mass
eigenstates of Higgs triplets one behaves as SM Higgs while the other two contributes to the
lepton flavor violating decay p — ey. Hence, the branching ratio of ;1 — ey is obtained in
the context of the model and found that it is within the limit of the present experimental
bound [1T4].

Chapter 5 talks about A4 realization of linear seesaw. Linear seesaw mechanism generates
tiny neutrino mass without involving very heavy particles. The mass of new particles involved
can be of the order of TeV. Realization of linear seesaw requires inclusion of singlet fermions
known as sterile neutrinos in addition to right-handed neutrinos. The sterile neutrinos are
taken as right-handed hence, denoted by Sg. In this context the neutrino mass matrix in the

basis (7, N, Sg)? is given by

0 mp mrs
_ T
M,j = | mp MR mRps

T T
Mrs Mgs HsS

The active neutrinos receive mass through linear seesaw mechanism if mgrg > mp, mpg with
all off-diagonal elements are vanishingly small. But SM symmetry allows all the elements

other than (1,1) element of M,. Hence, in this chapter, extension of SM symmetry with
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Summary and Conclusions

Ay X Zy X Zz and a global symmetry U(1)x which is broken explicitly by Higgs potential is
considered. In addition to SM Higgs doublet the scalar sector of the model includes the flavons
denoted by o¢g, o1, &, &, p and p'. Here mp and myg arise through effective dimension-five
operators while mgg arises from dimension-four terms. Therefore, mys and mp are naturally
small compared to mgg.

For the chosen representations of fields under Ay x Z; x Z3 x U(1)x, mass of the active
neutrinos are found to be inversely proportional to that of heavy neutrinos and the lepton
mixing matrix i.e., Uppsng is obtained as Urpgyy - Urs - P, where Urpgys is TBM mixing matrix,
Uys is the rotation in (13) plane and P is a diagonal phase matrix. The mixing matrix of the
form Urpgys - Uz - P is known to be in good agreement with the results of neutrino oscillation
experiments. Further, the allowed parameter space and correlation plots between various
observables are obtained by fixing #3 at its best-fit value and the ratio of mass squared
differences Am3, /|Am2,] at 0.03 and varying dcp in its 30 range.

In this context effective dimension-six operators generate tiny Mg and pus which can be
neglected for the calculation of mixing angles and light neutrino masses. Due to non-zero
values of diagonal elements My and ug, each mass eigenstates of heavy neutrinos are nearly
doubly degenerate with a small mass split which would otherwise be doubly degenerated.
Pairs of nearly degenerate Majorana neutrinos in the model opens up the scope to resonant
leptogenesis to account for the baryon asymmetry of the Universe. In this context, the
minimum value of ratio of vacuum expectation values of p and p’ (v,/v,/) to generate observed
baryon asymmetry is calculated by fixing the mass of lightest heavy neutrino in TeV range,
for the case where heavy neutrino mass are highly hierarchical so that the only contribution
to baryon asymmetry is from the decay of two lightest heavy neutrinos. The parameter
space which satisfies this condition, predicts normal hierarchy in active neutrino sector with
lightest one less than 0.005 eV. In this case the maximum non-unitarity value the model
can accommodate in leptonic sector is very small and is of the order of 107! and the mass
parameters mp and mpg are found to be of the order of 70 MeV and 3.5 KeV respectively.
This model has the potential to explain baryon asymmetry of the universe as well as neutrino
mass and mixing.

All these results strengthen the idea that the particular values of lepton mixing angles are

the outcome of flavor symmetries rather than mere coincidence.
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