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Abstract

The aim of this thesis is to study neutrino oscillations, scattering and their applications.

We begin with a brief review of the historical developments leading to establishment of
neutrino masses, mixings and oscillations. Then we briefly review theory of neutrino flavour
conversion, methods of detection in some neutrino experiments, importance of neutrino-
nucleon scattering cross sections (in Quasi- elastic and Ultra High Energy regime), and
neutrino oscillation in the regime of sterile neutrinos. We also present experimental status of
these ideas. Next, we move on to the studies on importance of nuclear effects in neutrino nu-
cleus interactions at low three momentum transfer, in quasi-elastic (QE) regime. In particular,
we have analysed the data from the MINERVA experiment. In this experiment, neutrinos are
scattered off carbon target, using NuMI beamline at Fermilab, to observe neutrino oscillations.
This experiment has reported data (number of events and double differential cross section)
in the range 2 < Ey, < 6 GeV. Earlier, scientists have simulated these results using neutrino
event generator GENIE, and some discrepancies between the data and their simulation results
were found to be present. Therefore, in our work, we have studied improved nuclear effects,
using another event Generator GiBUU (version 2016), taking into account FSI effects for
the interaction channels like 2p2h/MEC and default (QE) process. We compare our results
with the MINERVA data, and with earlier work done by P.A. Rodrigues et.al. After that,
we have done investigations on neutrino nucleon cross section both for charged current and
neutral current processes in ultra high energy limit (10°GeV < E,, < 10'2GeV), which will be
relevant for analysing the high energy neutrinos coming from extra-galactic or astrophysical
sources. Finally, we have studied the viability of various possible textures in light neutrino
mass matrix within the framework of 3 4 1 (one light (eV scale) sterile neutrino) scenario by
considering a A4 discrete flavour symmetric minimal extended seesaw mechanism (MES).
This study would be relevant in future neutrino oscillation experiments in which existence of
sterile neutrinos might be confirmed with precision. At the end, we present a brief summary
of our works presented in the thesis followed by outlook and future prospects. A detailed list

of references consulted during the work along with some appendices and a list of publications



xii

is also given.

Keywords - Neutrino oscillation, neutrino scattering cross section, quasi-elastic scattering,
2p2h effects, final state interactions (FSI), charged current, neutral current, GENIE, GiBUU,
proton structure function, double asymptotic limit, ultra high energy regime, sterile neutrino,

A4 discrete symmetry, minimal extended see saw, light neutrino mass matrix.
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Introduction

1.1 Motivation and scope of the thesis

Motivation- Many properties of neutrino have been studied and measured experimentally,
and neutrino physics has now entered precision era. But still, some parameters need exper-
imental measurement as well as more intense theoretical studies. In this thesis, we have
attempted to address some of these issues. The experimental measurements are inflicted with
uncertainties in neutrino neucleon/nucleus scattering cross sections, which are one of the
major causes of the errors in obtaining the values of neutrino oscillation parameters. Many
experiments worldwide are thus regaining interest in making these measurements for neutrino
scattering cross sections, in different energy regimes. Not only earth based experiments, but
neutrinos coming to earth from extra-galactic and astrophysical sources serve as an important
probe to investigate and know about the dynamics of ultra high energy (UHE) regimes. Since
at the earth based experiments, the energy ranges that can be reached at the accelerators are
constrained due to several limitations, the UHE neutrino studies become timely relevant,
as a natural probe to investigate the dynamics at such scales. Neutrino interactions with
nuclei play a crucial role in all these ongoing/planned experiments, as they make use of
dense nuclear targets from which the incoming neutrinos are scatter off. Therefore, if the

incoming neutrino energy is known precisely, one can extract neutrino oscillation parameters



2 Introduction

from these experiments, provided the neutrino scattering cross section and its flux are known
precisely. In fact, many experiments worldwide are ongoing/planned to measure v — N
scattering cross sections in low energy and UHE regime. This is the motivation for the work

done in Chapters 2 and 3.

The anomalies in the measurements at LSND and MiniBoone experiments opened a new
window for the existence of neutrino mass differences in the eV scale, which is very large
as compared to the relatively small solar and atmospheric mass differences. This has led
scientists to believe that active neutrinos may oscillate to a relatively heavy, sterile neutrino
state. Many experiments worldwide are/will be making measurements to find stronger evi-
dences for the existence of these sterile neutrinos. We would also like to mention here that
the flavour structure of fermions is not yet well understood. And hence a unified theory that
can explain neutrino masses and mixings along with the observed flavour structure would be

the complete theory for the purpose. This is the motivation for the work done in Chapter 4.

Scope- With above motivation, the aim of this thesis is to study neutrino oscillations and
neutrino-nucleus scattering in intermediate and ultra high energy regimes, and its application
- specially the oscillation of active neutrinos to sterile neutrino, in presence of a discrete

flavour symmetry.

In the first Chapter, we first review the historical developments leading to establishment of
neutrino masses, mixings and oscillations. Then we briefly review theory of neutrino flavour
conversion, methods of detection in some neutrino experiments, importance of neutrino-
nucleon scattering cross sections (in Quasi- elastic and Ultra High Energy regime), and
neutrino oscillation of active to sterile neutrinos. We also present experimental status of these
experiments. A very brief discussion on the Methodology adopted to carry out the work
done in this thesis has also been presented. In Chapter 2, we have studied neutrino-nucleus
scattering cross section in intermediate energy regime (0.1 — 20 GeV), relevant for measure-
ments done at the MINERVA experiment at Fermi Lab, USA, for Carbon target. We have
simulated the number of events and double scattering cross-section, including nuclear effects,
using an event generator GiIBUU, and compare our results with the experimental data and
those available in literature (using GENIE). In Chapter 3, we have studied neutrino nucleon
scattering cross section, both for charged current and neutral current processes, in the energy
range of 10°GeV < E, < 10'2GeV, using double asymptotic limit of the proton structure
function. Chapter 4 is devoted to the studies on the viability of various possible textures in

light neutrino mass matrix within the framework of 3 + 1 (one light sterile neutrino) scenario
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by considering a A4 discrete flavour symmetric minimal extended seesaw mechanism (MES).
This work would help us build and understand new theories and models to explain the
neutrino masses, mixings and oscillations in 3 active flavours along with the existence of a
fourth eigenstate of neutrino - the sterile neutrino. In the last Chapter, we present summary,

outlook, and future prospects of the work carried out in the thesis.

In a nutshell, we can say that neutrino-nucleus interaction cross section calculations are
important because they are used in any neutrino oscillation experiment. In any neutrino
experimental set-up, if we know the flux, cross section, number of events then from prob-
ability, some of the unknown neutrino parameters like absolute mass squared differences,
mixing angle in active-sterile neutrino sector, a Dirac CP-violating phase can be known with
precision. Our v — N interaction cross section calculation predictions, will indeed help to
solve such unsolved issues in future oscillation experiments like DUNE [1]. We can say that
if the existence of a light sterile neutrino of eV scale gets well established in future, then the
predictions for the unknown neutrino oscillation parameters obtained in our analysis can be

tested for further scrutiny of the model.

The work presented in this thesis is the compilation of the papers published for this
purpose.

1.2 Historical background of neutrino oscillation

W. Pauli proposed at Tubingen in 1930 the existence of a neutral weakly interacting fermion
emitted in 8 decay. He named this as ‘neutron’. Later in 1932, Chadwick discovered a neu-
tral, strongly interacting particle which we know as ‘neutron’ today. Enrico Fermi proposed
the name of Pauli’s particle to be as ‘neutrino’. In early times, experiments showed that in 3
decay, nucleus decays to another nucleus (having same mass number) along with emission of
an electron. Beta particle distribution is unique, unlike alpha particle energy distribution, it
has a continuous spectrum which starts from zero, reaches a maximum height and then falls
down and attains upper limit which is called ‘end point energy’ [2]. End point energy is the
energy difference between initial and final nuclear states. If we consider 8 decay to be like a
two body process then all the beta particles would have a unique energy but what we find in
reality is that all the particles are emitted with smaller energy. This indicates that there must

be some energy ‘missing’ in B decay process.
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In 1931, W. Pauli proposed that a third particle might be emitted in the decay process which
shared this missing energy, later the particle was named as ‘neutrino’ by Fermi. For instance,
if we consider Ej,, to be the energy carried by beta particles, E,,, is the end point energy,
then the energy carried by ‘neutrino’ is Ey = (Epqx — Eperq) Which is the missing energy.
Experiments showed that there exist two different types of neutrinos emitted in beta decay.
They are neutrino and its antiparticle called anti-neutrino (V). The general beta decay process

can be written as
Xy =Yy 1+B +V (B decay) and Xy — Yy +BT+v (BTdecay). (1.1)

In early 1950’s, F. Reines and C. L. Cowan encouraged by B. Pontecorvo performed an

"E’ Observed Elxpected
5 spectrum of electron
D energies Blergy
@
©
o)
L
E
=]
z
Ener
% Endpoint of
spectrum

Fig. 1.1 B energy spectrum (taken from [3]).

experiment at Savannah River nuclear reactor in South Carolina which was the first reactor
neutrino experiment [2—7]. They measured inverse beta decay in which an anti-neutrino
produced a positron. The reaction is vV + p — n+ e™. This reaction was observed by Reins
and Cowan where they used a nuclear reactor as a source of V. They used a liquid scintillator
(in which a cadmium compound was embedded) for their neutrino detector. Reines and
Cowan took lot of pain to carry out the experiment which proved the existence of neutrino
experimentally. Ray Davis et al [8] in 1968 reported the first experiment to measure solar
neutrinos, where they used a huge tank of chlorine in the Homestake mine in South Dakota.
The famous Homestake experiment was able to observe solar neutrino flux [9] which was
about 2.2 + 0.4 SNU (Solar Neutrino Unit) [10, 11]. This value was smaller than the amount
predicted by theoretical solar model. This is known as solar neutrino problem. In the year
1998, in Japan, the Super Kamiokande collaboration [12] was able to find evidence for
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oscillation of atmospheric neutrinos. The scientists at Sudbury Neutrino Observatory (SNO)
[13] measured the boron (B?) solar neutrinos through the following reactions

Ve+d— p+p+e (charged current),
Vo+d— p+n+v, (neutral current), (1.2)

Va+e —v,+e  (elastic scattering),

where ‘d’ is deuteron, ‘p’ is proton, ‘n’ is neutron and a = e, i, 7. After the discovery of
electron and muon neutrino, search for the third flavour of neutrino finally ended in the
year 2001. The DONUT collaboration at Fermilab [14] was able to observe tau neutrino
interactions. For a long time it was believed that there exist three neutrino flavours but
in the Liquid Scintillator Neutrino Detector (LSND) experiment located at Los Alamos
[15], (electron antineutrinos were observed in a pure muon antineutrino beam) scientists
could explain the existence of fourth type of neutrino called ‘sterile neutrino’. The LSND
experiment searched for v, — V, oscillations in the appearance mode and reported an
excess of V, interactions that could be explained by incorporating at least one additional
light neutrino with mass in the eV range. This result was supported by the subsequent
measurements at the MiniBooNE experiment [16]. Similar anomalies have been observed at
reactor neutrino experiments and also at gallium solar neutrino experiments [17, 18]. Sterile
neutrino can be defined as a neutral lepton with no gauge interaction. Sterile neutrinos in
principle can have any mass. Very heavy sterile neutrinos are utilized in the minimal type
I seesaw model and play a significant role in leptogenesis . We know that the Standard
Model (SM) is based on the gauge group SU (3). x SU(2)r, x U(1)y, the elementary particle
interactions are guided by this gauge group. Sterile neutrino is a singlet under both SU(3),
and SU(2) and its hypercharge Y = 0. Recently in 2015, Nobel Prize in Physics was awarded
jointly to Takaaki Kajita who belonged to Super-Kamiokande Collaboration, University of
Tokyo, Japan and Arthur B McDonald belonged to Sudbury Neutrino Observatory, Queen’s
University, Canada, for the discovery of neutrino oscillations which shows that neutrinos are

not massless.
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1.3 Neutrino oscillation and flavour conversion

1.3.1 Solar Neutrino Problem

The reactions that occur in the core of the sun are [4]

p+p—=D+et+v, (Ey~0-042MeV),
p+p+e —D+v, (Ey~144MeV), (1.3)
Bej+e — Lii+Vv, (Ey~0.8610r0.33MeV),
Bed — Be® +e"+v, (Ey~0-14.1 MeV).
The net reaction is
4p — Hes+2et +2v,+28MeV. (1.4)

In 1983, the first phase of Kamiokande experiment i.e. Kamiokande-I started, later in 1986
Kamiokande-II started which was an upgradation of its first one. Kamiokande-II was able to
observe B? solar neutrinos. They measured solar neutrino flux through the following elastic
scattering process Kamiokande experiment recorded an average of B® neutrino flux from 1987
to 1995 to be q)é{gammk“"de = (2.8040.38) x 10%cm~2s~!. Kamiokande used a large detector
of pure water in order to measure the rate at which electrons present in water scattered high
energetic neutrinos emitted from the sun. The Kamiokande experiment observed that the
number of neutrino events was less as compared to the theoretical model of the sun.
Another solar neutrino experiment i.e. SK water Cherenkov detector located in Kamioka
mine is based on the elastic scattering of electron neutrino on electron. SK could measure
precisely high energy neutrinos and confirmed the high energy neutrino deficit as recorded
by chlorine and Kamiokande experiment.

1.3.2 Atmospheric neutrino problem

The interactions of primary cosmic rays with the nuclei in the atmosphere produce atmo-
spheric neutrinos. These interactions produce secondary cosmic rays. In particular, many
secondary pions are produced which decay mainly into muons and muon neutrinos [4]. The

processes for production of atmospheric neutrinos are :

77:+ —)‘u++\/’u’ N"’ —)e+—|—ve—f—v_'u al’ld (1 5)
T — U+, L —e +Vetvy. '
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Above Eq (1.5) indicates that the fluxes of v,, vy, V.,V are related to each other by the
relation [19]
O(Vu+Vu) =220 (Ve + Ve). (1.6)

where ¢ represents the neutrino flux. In 1960, atmospheric neutrino experiments were started,
an experimental set up was built in Kolar Gold Field in India, another was carried out at
the East Rand Proprietary Mine in South Africa. The neutrino interactions that occurred in
the rocks which surrounded a neutrino detector were measured. It was found that some v,
were missing - flux of v, was less than that predicted. This is called atmospheric neutrino

problem.

1.3.3 Solution of above problems

Scientist at SNO studied neutrinos coming from the sun. In the year 2001, the SNO research
group proved that these neutrinos switch their identities. As the v, neutrinos travel from
sun to earth, they oscillate to other flavours say to v, type neutrino or to v; type neutrino.
This phenomenon is called ‘neutrino oscillation’. The process of neutrino oscillation shows
neutrinos are not massless but are massive. Neutrino oscillation can be explained with the
help of neutrino mixing and neutrino mixing exist only if mass of neutrinos is non zero. Also,
the atmospheric neutrino problem was solved if we assume conversion of atmospheric v, to

V, Or V7.

1.3.4 Theory of neutrino oscillation

Neutrino oscillation is a quantum mechanical phenomenon where a neutrino created with
a specific flavour transforms into a different flavour which can be measured later. In 1968,
Bruno Pontecorvo proposed that electron neutrino produced in the sun are transformed into a
different type of neutrino (say v,) while travelling in vacuum i.e. v, <— V. The flavour
eigenstate of neutrino is ‘v,’ where o = e, i1, 7. The mass eigenstates ‘v;’ are different from

flavour eigenstates [4] i.e.

3
| Vo >=) Uqj| v >, (1.7)
=1
C12€C13 512€13 s13e o

_ 5 &
U= —s12023 —12513523€'%" 12023 — §12513523€"P 13523 : (1.8)

6 5

§12€23 — €128513€23€'CP —C12823 — §128513¢23€'CP 13023

where c;; = cos0;; and s;; = sin6;;. Here U is the unitary mixing matrix known as Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) matrix. For a 3 X 3 neutrino mixing case, we have three mix-
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ing angles 6),(solar angle), 6;3(reactor angle), 6,3 (atmospheric angle), and one complex
phase 8¢p, which is responsible for CP violation in the neutrino sector. Also, V; = Vi, V2, V3

are the mass eigenstates with mass eigen values my,my, m3.

If a neutrino of a given flavour [20], say V, , with energy ‘E’ is produced at Vv, source then
the probability of finding a neutrino of a different flavour, say vy, P (v, — vy; E, L) ata
distance L away from the source, is called transition probability. Consider a beam of pure Vv,

states produced at time ¢ = 0, we have [4],
| Ve(0) >=U, 1 | Vi > 4Up | Vo > 4Ues | v3 > (1.9)

We consider all neutrino particles in the beam have a common momentum ‘p’ then mass

eigenstates have energy as EJ2 =p’+ m? At some later time, say ‘t’, we have
| Ve(t) >=Upie B | vy > +Une B2 | vy > 4 B0, | v > . (1.10)

The probability of finding a neutrino of flavour, say vg attime '’ is given by [< Vg | Vg (t) > ?
Le.

Py vy (1) =|< va | v (1) >*= Z UqjUp U Upre " Ei=ER", (1.11)
Jjk=1

For relativistic neutrino, p >> m; we have

and 5
Am Tk

2 2
Ej—Ek: ﬁ(mj—mk) = 2F .

(1.12)

As neutrinos are ultra-relativistic particles, we can use (¢t = L), and the transition probability

is

3 . Amz.k
Prgsvy (1) = Y, UgjUj UsyUpre 22 1) (1.13)
Jk=1
The above equation can be written as
) Am% L
Pyysvy = Z | Uaj I*| U |* +2Re Y U jUj ;UsqUpyexp™ 2 1), (1.14)

>k
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where,
3

n
Y | Uqj I?| Up; I>= 80 —2Re Y UqjUj Uy Ui (1.15)

Jj=1 j>k
The transition probability thus can be written as
n . Am%k
Py = Bop —2Re Y UgjUp UsiUpi[1 — e 221, (1.16)
j>k
The identity Re(ab) = Re(a)Re(b)-Im(a)Im(b), is used to write the transition probability as
[20]

* * . 2 Amik * * . Amik
Pyy—svy = Ogp —4XRe(UajUj Uy Upi)sin™( 1E L)-l-ZJ;CIm(UajUﬁ UarUgi)sin( T L).
(1.17)

The above expression for the survival probability can be written as

Amz.k
Pyysvy =1-4Y | Ugj I’ Uk |2sin2(4—E]L). (1.18)
j>k
The appearance probability (a # ) can be written as
Amz.k
Pyysvy = —4 Y (UajUp iUaiUpy)sin®( 4Ef L). (1.19)

>k

There are two kinds of neutrino oscillation experiments i.e. disappearance and appearance
experiments. Suppose in a pure neutrino beam of known flavour say v, one looks to see
how many neutrinos have disappeared then this is called ‘disappearance’ experiment which
measures the survival probability (Py,—v,). On the other hand, suppose in a pure beam
of known flavour say, v, one looks how many neutrinos of a different flavour say, v, are
detected. This is called ‘appearance experiment’. CP violating effects cannot be studied in
disappearance experiments - they arise only in appearance experiments.

In three neutrino mixing schemes, the three squared mass differences can be written as
Am3, (solar) =m3 —m3, Am3,(atmospheric) =m3 —m?, Am3, =m3—m3. Out of the

three squared mass differences, [4] only two are independent since Am3, +Am3, — Am3, = 0.
2

o << Am2,, can be accomodated in the two types of three

The observed hierarchy Am
neutrino mixing schemes i.e. Normal hierarchy (NH) and Inverted hierarchy (IH) schemes.

In Normal ordering: m; < my < ms,

Ami = Am3; >0, AmL, = Am3, > 0,my(3) = , /m3 +Am§1(31)’
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In Inverted ordering: m3 < m; < my
Ami = Am%2 <0, Am?olar = Am%l > 0,my = 4 /m% +Am%3,m1 = \/mg —|—Am%3 — Am%l.

1.3.5 Two flavour neutrino oscillation

For the sake of completeness, we discuss here briefly the two-flavour neutrino oscillations.

The effective mixing matrix in case of two flavour neutrino oscillation is given as

U:< cosO sin0 > (1.20)

—sin@ cos0O

The flavor eigenstates are written as a function of the mass eigenstates as:
Vg = V1cos0 + Vosin Vg = —Visin8 + vocos0, (1.21)

where 0 is the mixing angle. For two flavour neutrino oscillation there is one mixing angle

(0) and no CP phase. From Eq (1.21), the transition probability can be written as

Am?L
4F

Pyysvy = sin”20sin’( ). (1.22)

For survival probability, &« = 8 and thus Eq (1.20) gives

Am?L

Py, v, =1 —sin229sin2( 15

). (1.23)

In Eq (1.23), when the mixing angle 8 = 0 the mass eigenstates will be equal to flavour
eigenstates. When 6 = 7 , neutrino mixing is maximum. In order to have neutrino oscillation
we must have non zero and non degenerate neutrino masses and mixing angles. In natural
units of high energy physics, we express Am? in terms of ¢V2, L in kilometers and energy in
GeV. The oscillation probability becomes

Am’L
Pyysvg = sin2295in2(1.27 m

). (1.24)

In Eq (1.24), ‘L is the distance from the source (also called baseline), and ‘E’ is the neutrino
energy. The oscillation wavelength depends upon ‘L’, ‘E’, and Am? and the amplitude

depends upon sin>26. For the oscillation probability to be maximum, % is chosen such that

Am’L L n

E  254Am2

1.27 g or (1.25)
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1.3.6 Two flavour neutrino oscillation in matter

When neutrinos travel through matter, there is change in the pattern of neutrino oscillations.
Changes come due to forward scattering interactions with electrons and nuclei giving rise
to effective potentials. Neutrinos interact with matter through charged current (CC) (they
mediate through W boson) and neutral current (NC) (they mediate through 70 boson)

interaction. When different flavours of neutrino interact with matter through NC process,
_ GF Nn

then they give rise to an effective potential i.e. Vyc = 7

where N, is the number density
of neutron of the matter.

On the other hand electron neutrinos, in addition to neutral current interaction also undergo
charged current interaction giving rise to an additional effective CC potential 1.e. Ve =

V2GgN, where N, is the number density of electrons in the matter. Time evolution of flavour

d [ ve(t) | Ve(1)
’E<mm)‘H<m®>’ (1:20)

where H is the total Hamiltonian. The flavour eigenstates can be related to mass eigenstates

Ve _ co's9 sin 6 Vi ‘ (1.27)
Vi —sin@ cosO Vs

In terms of effective Hamiltonian matrix , ‘H’, Eq (1.26) can be expressed as

d [ Aee(x) N [ Ace(x)
15<Aﬂﬂ)_H<AMw>’ (129

where Agg =< Vg | Va(t) > (@ = e and B = p) is the probability amplitude of transition of

states [4] can be written as

by the following matrix

Va — Vg. Thus we have

H’ (1.29)

1 —Am?cos20 +Acc Am?2sin26
4E Am?sin26 Am?cos20 —Acc )’

where Am? = m% — m% and Acc = 2EVee = 2vV2EGEN,. Diagonalising the above matrix by

orthogonal transformation we have

1 —Am3 0
UiH'Un = Hy = 72 ( 0 M o2 ) : (1.30)
M
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where H)y is the effective Hamiltonian matrix in matter. Effective mixing matrix in matter

Upy = < cosByr  sin Oy ) (1.31)

can be written as

—sinBy  cosOy

Effective mass square difference Amﬁd in matter is

A3y = iy — iy = 1/ (Am2cos20 — Acc)? + (AmPsin26)2. (1.32)

Effective mixing angle 6y, in matter is

tan20
1 —Acc/Am?cos26

Oy = —tan"'( ). (1.33)

It is observed from Eq (1.33) that at resonance condition we have
Acc = AmPcos20, (1.34)

and hence 6y, = m/4. At resonance, mixing among neutrino flavours in matter becomes
maximum. This phenomenon was first observed in 1985 by Mikheyev, Smirnov, Wolfenstein
(or MSW) effect also called Resonant Enhancement in Matter [21, 22].

1.3.7 Neutrino oscillation with sterile neutrinos

We know that neutrinos interact solely through weak interaction in the standard model
(SM). As a consequence only left handed component in the SM is active, and is a part of a
weak isospin doublet with its partner charged lepton. Here a question arises i.e. whether
right-handed neutrinos exist or not. If right handed neutrinos exist in SM then it would be
weak isospin singlets with no weak interactions except through mixing with the left-handed
neutrinos. That is why right handed neutrinos are referred to as ‘sterile’ neutrinos [23].
Following is the mixing matrix between flavour eigenstates vy (@ = e, l,T,s) and mass
eigenstates v; (j = 1,2,3,4). We denote sterile neutrinos as V; .

Ve Uel Ue2 Ue3 Ue4 Vi
Vr U Up Uy Uy V3

Vs Usl Us2 Us3 Us4 V4
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This unitary matrix can be parametrized [24] as

U = R34(634,0)R24(624,0)R23(623, 63)R14(614,0)R13(013,62)R12(012,01), (1.36)

where R;;(6;;, &) is the complex rotation matrix in the i — j plane and the elements of the
matrix are given by

cos® p=qg=i or p=q=]
I p=q#i and p=q7#]
[Rijlpg = { sin@e™® p=i and q=j (1.37)

—sinBe® p=j and q=i

0 otherwise,

where 6;; is the angle of rotation in i — j plane. If we consider 64, 624,634 = O then the
above matrix takes the form of Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix for three
flavour mixing. We have two kinds of neutrino schemes with the four flavours of neutrinos
i.e. (242) scheme and (3+1)-scheme. These schemes are categorised depending on how the
mass eigenstates are separated by the largest mass squared difference. In (2+2) scheme two
mass eigenstates [25] are separated by other two. On the other hand, in (3+1) scheme one
mass eigenstate is separated by other three mass eigenstates.

In (2+2) scheme, the fraction of sterile neutrino contributions to solar oscillation is given
by |Uy1|? + |Us2|? and that of atmospheric oscillations is given by |Ug|* + |Ug|? . In (3+1)

scheme, the probabilities for disappearance and appearance oscillations are as follows:

Am?“ L

P(Vo — Vp) = 4|Uqs|*|Upy|*sin*(1.27 ), (1.38)
2 202 Amg“L
P(Vo — Vo) ~ 1 —4(1 —|Uga|”)|Ugal|"sin (1.27T). (1.39)

1.4 Processes for detection of neutrino oscillation

1) Radiochemical method (Homestake experiment):
The Homestake Solar Neutrino Observatory is located in the Homestake Gold Mine, in South

Dakota, USA. It detects solar neutrino through inverse beta decay chlorine-argon reaction

Vo +CPT = AP e, (1.40)
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Fig. 1.2 Left figure shows four—neutrino mass spectra for (24+2) scheme and the right figure
shows for (3+1) scheme.

Number of radioactive A7 atoms are counted to know how many solar neutrino have been
detected. The argon is extracted through chemical methods and hence the name radiochemi-
cal method.

2) Gallium experiment (GALLEX; SAGE):

The GALLEX/GNO and SAGE experiments were successful in measuring low energy neu-
trinos produced in the fundamental pp chain. In solar neutrino experiments GALLEX/GNO
and SAGE, the solar neutrinos are detected through the reaction

Ve+Gad'' = Gell + . (1.41)

The Ge’! atoms are extracted by chemical methods and counted in small proportional
counters by observing their decay back to Ga’'.
3) Water cherenkov detectors (Kamiokande, Superkamiokande):

In Water cherenkov detectors, neutrinos are detected through the elastic scattering reaction
Vo+e —V,+e . (1.42)

When incoming electron neutrino interacts with electron of water, the produced electron
travels with velocity greater than velocity of light in the medium. Cherenkov radiation is
emitted in a cone around the direction of motion. The Cherenkov radiation is detected by the
PMTs (photo multiplier tubes).
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4) Heavy water detector (SNO):

The large detectors are fitted with heavy water DO and incoming solar neutrino are detected
by the Cherenkov radiation emitted. SNO detects solar neutrino through three reactions as
given in Eq (1.2). Neutral current reaction is very important to detect all three flavours of
neutrino (hence for detection of total flux of incoming solar neutrino) which offered solution
to SNP. Heavy water (D,0) Cherenkov detector, Sudbury Neutrino Observatory (SNO)
studied high energy solar neutrinos that was previously investigated by Kamiokande and
SK detectors. SNO alone demonstrated that about two out of three electron solar neutrinos,
change their flavour to other flavours i.e. muon neutrinos (V) or tau neutrinos (V;) as they
traverse from core of sun down to earth. SNO detected all the three types of neutrinos i.e.
Ve, Vyandvrz.

5) Detection of atmospheric neutrinos:

In one of the first experiments that detected atmospheric neutrinos (performed in India,
Kolar Gold mine), the detectors were made of scintillator, which recorded tracks of muons.
Kamiokande and SK also detected atmospheric neutrino by detecting muon like events. In
atmospheric neutrino experiments, neutrino fluxes of different flavours are measured by

detection of the charged lepton produced in v — N reactions
Vi+N =1 +X" V+N—-I"+X, (1.43)

where [ = e, i, 7. In the neutrino unmagnetized detector, charge of the lepton could not
be distinguished. But it would become possible at magnetized detectors like future INO
experiment. Also, it is extremely difficult to detect tau neutrinos, because the produced tau
leptons decay immediately to leptons and hadrons, without leaving a clear track. Water
cherenkov detector can detect both (1~ and e, muons produce a sharp ring of PMTs, while
electron produce a fuzzy ring.

6) Reactor neutrino experiments:

Fission reactors are copious sources of electron antineutrinos produced in beta decays of

neutron-rich nuclei. Reactor V, are detected through inverse beta decay processes
Ve+p—n+e . (1.44)

The emitted positron annihilates immediately with a surrounding electron and the released
gamma are detected in scintillator detectors.

7) Liquid scintillator experiments (KamLAND):

The detector is a liquid scintillator, the luminiscence from scintillator is picked by the PMTs.

KamLAND is designed to detect V, produced by reactors in Japan’s Kamioka mine. V, are
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detected by inverse beta decay
Vo+p—n+e (1.45)

liquid scintillators are rich in hydrogen, which acts as target for this reaction. CC interactions
are easier to work with since electron and muon have characteristic signatures in particle
detectors and they are fairly easy to identify. If an electron is detected, electron neutrino
must have arrived, if a muon neutrino is detected, means muon neutrino must have arrived, at
the detector.

8) Tracking experiment:

Tracking detectors reconstruct the path of the charged leptons produced in CC interactions,
either by ionisation that they cause or by the energy that they deposit. These detectors are
best suited to higher energy neutrinos since distance travelled by a particle will increase as
its energy increases and longer tracks are easier to reconstruct. Muons leave well defined
tracks than electron which produce electromagnetic showers as they travel through dense
material. Tracking detectors are good in separating muons from electrons. Examples of
tracking detectors are MINOS, MINERVA, ICARUS, T2K.

9) Emulsion detector:

Detectors of CC events from tau neutrinos is very challenging since they decay extremely
rapidly. The OPERA experiment at Gran Sasso and DONUT experiment at Fermilab
addressed this change by using technique of nuclear emulsions. They can detect tracker
produced by extremely short lived particles. Water cherenkov detectors can detect electron

or muon from CC or recoil electron from neutrino electron elastic scattering.

1.5 More on solar, atmospheric and reactor experiments

In solar neutrino experiments, borexino is a scintillator detector, has intrinsic high luminosity,
the liquid scintillation technology used by such detectors is extremely suitable for massive
calorimetric low energy spectroscopy. In reactor neutrino experiments liquid scintillator
technology is widely used because such technology has doping capability, mass produc-
tion, uniformity and low cost. Daya Bay, Double Chooz, and RENO experiments used
Gadolinium doped liquid scintillator as the medium to detect inverse beta decay events.
The Gadolinium isotopes contain large cross sections of thermal neutron capture. Borexino
[26] and KamLLAND [27] were the two experiments that measured solar neutrinos from
reactions other than B® [28]. Four experiments namely Super-K, MINOS, SNO, and IceCube
study atmospheric neutrinos. The long baseline neutrino oscillation experiment, MINOS
is the first magnetized tracking detector for detecting atmospheric neutrinos. IceCube is

a neutrino telescope in which very high energy astrophysical neutrinos are studied. The
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main background for searching these astrophysical neutrinos are high energy atmospheric
neutrinos. Solar and atmospheric neutrino experiments showed that neutrinos oscillate with
two different mass squared differences i.e. Afol and A2, respectively which was confirmed
by KamLAND and K2K experiments [4], among others. DUNE is a very promising future
long baseline (1300 km), underground experiment, being planned at the Fermilab, USA, with
a liquid Ar detector. It is proposed to study about hierarchy problem, CP violation in neutrino

sector etc, among other rich physics.

Reactor neutrinos are mainly produced through beta-decay of neutron-rich fission reactions of
the four isotopes namely U2, U?38, Pu?*  Pu>*!. Another important source of anti-electron
neutrinos apart from fission reaction processes come from neutron capture on U8, In
addition to inverse beta decay processes there are various methods for detection of reactor
neutrinos.

First method is the charged current (CC) i.e.

Vet+d—n+n+e’, (1.46)
and neutral current (NC) process i.e.

Ve+d —=n+p+V,. (1.47)
Second method is the antineutrino-electron elastic scattering i.e.

Vet+e — Vete . (1.48)

The third method is the coherent antineutrino-nucleus interaction [29]. KamLAND which
was built at the site of former Kamiokande experiment, aimed to search for reactor v,
oscillations. It was found that the results of KamLAND experiment was consistent with solar
neutrino experiments and confirmed large mixing angle (LMA) solution to be the solution
of SNP. Precise measurements from the combination of SNO and KamLAND experiments
indicated : tan?0y, = 0.47100% and Am3, = 7.59703] x 107 5eV2.

Around 2002, neutrino oscillation was well established. Both atmospheric and long-baseline
accelerator neutrino experiments determined the value atmospheric angle 6,3 to be ~ 45°
also the solar neutrino experiments and KamLLAND found the value of solar angle 6, to be
~ 33°. It was assumed earlier that reactor mixing angle 0;3 is zero but with advent of time,
later in the year 2012 it was measured with accuracy at the reactor experiments, and found
to have a large value of about 9° [30]. Daya Bay [31], Double Chooz [32], and RENO [33],
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were the three reactor neutrino experiments proposed around 2006, to probe 6813 [34]. These
experiments have successfully found non zero value of 613. Discovery of a large value of 03
reactor mixing angle is a great achievement for physicists. Precise measurement of 6,3 plays
pivotal role not only in model-building in neutrino physics, but also encourages new reactor
neutrino experimentalists to investigate some of the important issues such as determining

neutrino mass hierarchy, CP violation in leptonic sector and searching for sterile neutrinos.

1.6 Neutrino nucleon scattering and cross section

Many properties of neutrino have already been measured experimentally, still some of them
are yet to be measured. Some of unknown quantities are mass hierarchy, nature of neutrinos
which can be either of Dirac or Majorana type, CP violation phase, exact mass of neutrinos,
whether neutrino can help to explain matter-antimatter asymmetry of the universe, whether
sterile neutrinos exist or not, etc. This provides a strong and active area of research for many
researchers worldwide in both nuclear and particle physics. Precise knowledge of neutrino-
nucleon interaction cross sections are required not only to measure the unknown quantities in
several planned/ongoing experimental set ups, worldwide but also these cross sections help
to minimise systematic errors in the analysis of neutrino oscillation experiments. Neutrino
nucleon scattering cross sections are used in neutrino oscillation experiments, at different
stages of calculations like signal cross section, ratio of quasi elastic - (v, /V,) cross section
and signal efficiency. Number of events (of signal process) are observed experimentally,
which is proportional to the flux of the incoming neutrinos, cross section and probability of
the signal process. The phenomenon of neutrino oscillation is equally important for both
theorist and experimentalist since neutrino has non zero mass which is beyond the Standard
Model. Neutrino-nucleon cross sections have an uncertainty of about 20-30 percent [35].
The main reasons behind it are poor knowledge of neutrino fluxes and the fact that any cross

section measurements make use of nuclear targets.

1.6.1 Neutrino interaction across various energy scales

Neutrino interaction cross sections across various energy scales can be divided into five
categories [36].

1) Thresholdless processes (E, ~ 0 — 1 MeV): The first interaction process is thresholdless
processes which include coherent scattering (where neutrino interacts coherently with the

target nucleus) and neutrino capture. Such processes occur when energy of neutrino ranges
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from O to 1 MeV. Coherent process is similar to neutral current exchange process i.e.
VAL = v A (1.49)

Another neutrino interaction is the stimulated or enhanced beta decay emission which falls
under thresholdless process. The reaction is

Ve +AS — e +AGHL (1.50)

2) Low energy nuclear process (E, ~ 0 — 100 MeV): The second interaction process in-
clude low energy nuclear processes where energy of neutrino ranges from 1 to 100 MeV.

3) Intermediate energy process (Ey ~ 0.1 —20 GeV): Third interaction process is the in-
termediate energy scale where neutrino energy ranges from 0.1 to 20 GeV. Mainly three
processes - elastic and quasi-elastic scattering, resonance production and deep inelastic scat-
tering fall under this category. Quasi-elastic (QE) also called charged current (CC) neutrino
scattering process occur when neutrinos scatter elastically off an entire nucleon (within target
nucleus) emitting a nucleon/multiple nucleons from target. The CCQE scattering processes

for neutrino and its antineutrino are
Vutn—u +p  Vytp—ut+n (1.51)

Similarly we have neutral current NC or elastic process where neutrinos elastically scatter

from nucleons of the target nucleus i.e.
V+p—=V+p, V+p—=V+p. (1.52)

We have another inelastic scattering process where neutrinos with sufficient energy excite the
struck nucleon within the target and produces a baryon resonance state (N*) which decays to

nucleon and other single pion final state. Typical resonant single pion reaction is
Vi+N = U +N = 1+N, (1.53)

where N, N = n, p. The baryonic resonance state can possibly give rise to multipion final
state particles. With sufficient neutrino energy, inelastic process like deep inelastic scattering
can produce abundant source of multipion final state particles.

Another coherent process i.e. coherent pion production falls within the intermediate energy

range. Neutrino can coherently scatter from entire nucleus, transferring very less amount of
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energy to the target nucleus. The reactions for both CC and NC coherent pion production are

Vyut+A—=vy +A+7°,

Vut+A =V +A+7°
(1.54)

VutA—u +A+7",

Vut+A—ut+A+T.

Lastly in this intermediate energy range, kaons/strange quarks are also produced in the final

state . Both CC and NC processes are possible
vptn—u  +KT A vyt p = vy KT AL (1.55)

4) High energy process (E, ~ 20 — 500 GeV): In the high energy cross section energy
range, neutrinos with high energy are able to probe the internal structure of target nucleus.
Neutrinos are able to scatter off individual quark content of the target nucleus. Such process
is referred to as Deep Inelastic Scattering (DIS). DIS process for CC and NC are

Vo+N—>e +X, V,+N—=e +X,
(1.56)
Vo+N—=V.+X, V,+N—=>V,+X,

where N = target nucleus and X = hadronic system in final state.

5) Ultrahigh energy (UHE) process (Ey, ~ 0.5TeV — 1E¢eV): In the ultra high energy (UHE)
regime (1EeV = 10'8¢V), knowledge of neutrino nucleon cross section becomes particularly
interesting because it provides opportunity for the experimentalist for observation of ultra

high energy neutrinos from astrophysical and extragalactic sources.

1.6.2 Experimental status of neutrino cross section

Since we have already entered precision era of neutrino physics, studies of neutrino oscilla-
tions have been further extended in the long baseline accelerator and reactor experiments.
With the precise determination of five known oscillation parameters i.e. two squared mass
differences and three mixing angles, the present and future neutrino oscillation experiments
aim to find the unknown parameters i.e. Dirac CP-violating phase and neutrino mass order-
ing. In addition to these unknown parameters, modern oscillation experiments are giving
tremendous efforts to investigate the existence of additional massive neutrinos i.e. ‘sterile

neutrinos’. In what follows, we present a brief review on the status of neutrino cross section
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measurements.

Neutrino experiments make use of reliable neutrino fluxes to remeasure absolute QE scat-
tering cross sections. In the intermediate energy range, several neutrino-nucleon scattering
cross section measurements were made. Using carbon as target, high statistics measurements
of QE interaction cross section (as a function of neutrino energy), done by MiniBooNE
and NOMAD experiments appeared to differ by about 30 percent. This problem is called
‘MB-NOMAD’ anomaly [37]. Low energy MB results are found to be higher than that from
theoretical models such as Fermi gas model and impulse approximation calculations. Nuclear
effects beyond impulse approximation are responsible for the discrepancies in the data.
A better understanding of neutrino nucleus interactions is important to reduce systematic
uncertainties in neutrino oscillation experiments. Over the past years, experiments in the
intermediate energy range measured NC elastic cross section ratios w.r.t QE scattering in
order to reduce systematics. For example MiniBooNE experiment measured such ratios using
carbon in bins of Q%. BNL E734 and MiniBooNE reported measurements of differential cross
sections, using carbon as target for NC elastic scattering. P. Coloma et. al. [38] calculated
total cross section (using oxygen as target) for various neutrino interaction channnels using
event generators so as to determine neutrino oscillation parameters for an experimental set
up similar to T2K. In another work by P. Rodrigue et. al. [39], they have calculated double
differential cross section for various neutrino interaction channels (using carbon as target) so
as to study nuclear effects in Minerva experiment. Nuclear effects in neutrino interactions is
one of the leading source of systematic errors in present and future neutrino beam oscillation
experiments.

Accelerator based neutrino experiments measure rate of neutrino interactions which com-
prises of three most important factors i.e. neutrino flux, neutrino cross section interaction
and the detector efficiency [40]. Out of all the three factors, neutrino-nucleus cross section
interaction in the hundreds-MeV to few-GeV energy regime poses one of the most important
sources of systematic errors. For the past decade, for experiments like MiniBooNE and T2K,
there was strong urge to understand neutrino interaction systematics around 1 GeV but at
present time energy region of 2-10 GeV has become significant for oscillation experiments
like NOvA, PINGU, ORCA, Hyper-K, DUNE and INO. For the future accelerator based
neutrino experiments, two targets become most important, namely argon (for liquid argon

time projection chambers (LArTPCs)) and water for water/ice -Cherenkov detectors.
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1.7 Ultra High Energy Neutrino experiments

Knowledge of neutrino cross section in Ultra High Energy regime is important ingredient
in the event rate calculation in high energy neutrino telescopes. Most striking experimental
result of observation of ultra-high energy neutrino events was reported at IceCube. At
IceCube, Ultra high energy neutrinos are detected by observing Cherenkov light produced in
ice by charged particles created when neutrinos interact [41]. From May 2010 to May 2012,
sufficient data were collected by the IceCube detector which provided the first evidence for a
high-energy neutrino flux of extraterrestrial origin. The two neutrino events whose energies
are in between 1 to 10 PeV were detected in IceCube on August 9, 2011 and January 3, 2012
which could be of atmospheric or astrophysical origin [42]. A number of experiments are
geared towards observation of UHE neutrinos from astrophysical sources. The experiments
are namely Baikal [43, 44], Antares [45], Antartic Muon And Neutrino Detector Array
(AMANDA) [46], Radio Ice Cerenkov Experiment (RICE) [47], ANITA [48], HiRes [49]
and Goldstone Lunar Ultra-High Energy experiment (GLUE) [50].

1.8 Sterile neutrino experiments

LSND experiment made use of coincidence of the prompt Cherenkov radiation from the
positron and the delayed neutron capture by a hydrogen and was able to measure V, events.
Vy = Vet p— e +n. This experiment could observe an excess of V, events. It was found
that this statistically significant signal is consistent with the presence of sterile neutrinos
(Vu = Vsterite — Ve) [S1].

In a recent study [52], they have investigated the capability of planned Tokai to Hyper
Kamiokande (T2HK) experiment to supply information regarding the unknown parameters
like mass hierarchy, CP phases, and the octant of 6,3, in the presence of a light eV scale
sterile neutrino. In another recent work [53] they have shown the impact of sterile neutrino
oscillation parameters on the expected sensitivity of planned T2HK and T2HKK experiments
to the neutrino unknown parameters. Recently K.Abe et al., [54] from T2K collaboration
collected data from the T2K far detector which has been used to search oscillation signatures
due to light sterile neutrinos in the (3+1) framework. They have used both CC v, and V,
samples and NC samples at far detector at baseline of 295 km. In another work by Igor
Krasnov, [55] it was found that they calculated the sensitivity of DUNE to the active-sterile
neutrino mixing for sterile neutrinos having mass at GeV scale. In atmospheric neutrino
oscillation experiments like SK and IceCube, one can probe muon neutrino disappearance
channel. It was found that IceCube can probe highest energy range from 6 GeV to 20 TeV. In
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] Parameters \ Hierarchy \ Best Fit NH IH
Am5,[107%eV?] | NH or TH 7.37 6.93-7.97 | 6.93-7.97
sin*012/10~" | NHor IH 2.97 2.50-3.54 | 2.50-3.54
sin’013/1072 | NHand IH | 2.14 (NH) and 2.18 (TH) | 1.85—2.46 | 1.86—2.48
sin’6y3/10~! | NHand IH | 4.37 (NH) and 5.69 (IH) | 3.79—6.16 | 3.83—6.37
813/ NH and TH | 1.35 (NH) and 1.32 (TH) 0-2 0-2
Am3,eV? NH and IH 1.63 0.87—2.04 | 0.87—2.04
Vs NH and TH 0.027 0.012 —0.047 | 0.012 —0.047
Vya)? NH and TH 0.013 0.005—0.03 | 0.005—0.03
Vza|? NH and TH - <0.16 <0.16

Table 1.1 The latest global fit 30 range data as well as sterile bounds are shown [61, 62].

this energy regime, matter effects becomes significant. For example a large matter-induced
resonance would be expected at 3 TeV neutrino energy, for a 1 ¢V sterile neutrino search
at such detectors [56]. Future/planned reactor neutrino experiments aim to explore short
baseline V,;, disappearance channel, keeping the measurements of the energy spectrum at
different distances so as to gather information on neutrino oscillations that are independent
of the neutrino flux calculations. In near future the LSND v, — V. appearance channel will
be monitored in the short baseline neutrino experiment at Fermilab [57]. In one of recent
paper by Alan M. Knee et al., they used Planck data to obtain cosmological constraints on
the sterile-neutrino oscillation parameters [58]. In [59], the authors have explained a way to
search sterile neutrinos of keV scale, which are candidates of dark matter. TRISTAN project
will extend the experimental set up of Karlsruhe Tritium Neutrino experiment (KATRIN)
in order to search for such keV-scale sterile neutrino. In a recent work [60] by MINOS and
MINOS+ collaboration, it was found that, these experiments achieved high sensitivity to the
sterile neutrino eigenstate in the mass splitting parameter i.e. Amﬁ | over the magnitude of
seven orders. In Table 1.1, the latest global fit 30 range data [61, 62] are given.

1.9 Methodology

In Chapter 2 of the thesis, we will calculate number of events and double differential
cross section for neutrino-carbon scattering in MINERVA experiments (Fermilab). The
methodology for this work would be - to simulate the number of events and double differential
cross section using the event generator GiBUU. Using a low three momentum transfer (g3)
subsample of neutrino-carbon scattering data from MINERVA experiment, separation of
two processes i.e. QE and Delta (1232) resonance processes are done using event generator
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GENIE 2.8.0 in [39], where they used GENIE. We have used another simulation software
i.e. GiBUU in order to investigate about the discrepancy in the region between QE and A
processes.

In Chapter 3, we will calculate neutrino cross section for charged current and neutral current
neutrino interaction in ultra high energy regime using QCD inspired double asymptotic limit
fit of electron-proton structure function F,”. The methodology here is - we will use the
double asymptotic form of proton structure function, and use it to calculate the neutrino
nucleon scattering cross section. We have not used any standard softwares available for
the calculation of these cross sections, rather we will do our calculation using Monte Carlo
(MC) integration technique. We will also do a comparative analysis of our results with those
available in literature.

In Chapter 4 of the thesis, we will consider 4 x 4 neutrino mass matrix and classify different
possible textures of the matrix based on generic A4 vacuum alignments for triplet flavons.
The methodology here would be - from the 4 x 4 light neutrino mass matrix, we solve the
constraint equations, to obtain the correlations among the light neutrino mass parameters,
allowed by the 3o global best fit ranges. And from that, one can see which flavon VEVs give
reasonably good agreement with the present data. We will use Mathematica to solve these

complex constraint equations.

1.9.1 GENIE and GiBUU event generators

GENIE stands for Generates Events for Neutrino Interaction Experiments which is a ROOT
based neutrino Monte Carlo generator designed using object-oriented methodologies. Validity
of GENIE generator extends over a wide spectrum of energies ranging from ~ 1 MeV to
~ 1 PeV and also to all nuclear targets and neutrino flavors [63]. GENIE makes use of
nuclear physics models, cross section models, neutrino induced Hadron Production models
for simulation of cross section, event rates, final state particle interaction etc for various
neutrino experimental set-ups functioning worldwide. When a neutrino is scattered off from
a nuclear target, GENIE can simulate complex physics processes within it. Complex physical
processes includes primary scattering process, the neutrino-induced hadronic multiparticle
production and the intra-nuclear hadron transport and re-scattering. Inside GENIE, there
are inbuild flux drivers that enables users to use the desired flux for their experimental set
up. GENIE installation requires 3rd party installation which includes external packages like
ROOT, GSL, LHAPDF, PYTHIAG®6, log4cpp, libxml2. This is followed by main installtion of
GENIE package. In this thesis, we have used GENIE 2.8.0 version to calculate cross sections

and event rate in Chapter 2.
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GiBUU stands for Giessen Boltzmann—Uehling—Uhlenbeck. It is a simulation code for
electron, photon, neutrino, hadron and heavy-ion induced reactions on nuclei [64]. It is a
transport model based on a coupled set of semi-classical kinetic equations, which describe
the dynamics of a hadronic system explicitly in phase space and in time. GiBUU is based
on Kadanoff-Baym (KB) equations which describe the time development of the Wigner-
transform of the nuclear one-body density matrix [65, 66]. The neutrino event generator
GiBUU can calculate cross sections, event rate for all neutrino flavour. Within GiBUU,
various flux files, potentials, nuclear models are written in fortran 90. The software is user
friendly, one has to run jobcards to generate events, cross sections, reconstructed neutrino
energy etc by choosing appropriate modules within the jobcard. Running a jobcard is simple,
one can just write the command i.e. "./GiBUU.x < "jobcard name" in the terminal, provided
proper directory path is given. Once output files are generated, one can immediately obtain
desired cross section, event rate etc by writing their own analysis program using ROOT/
FORTRAN 90.



Neutrino-carbon interactions at low

three-momentum transfer

In this chapter, we intend to study neutrino-carbon interaction for some neutrino channels
like quasi-elastic scattering, 2p2h/MEC process in the intermediate energy regime, with
reference to data taken by the MINERVA experiment at Fermilab, USA.

2.1 Introduction

Neutrino Main Injector (NUMI) beamline located at Fermilab produces intense neutrino
beam which has provided a platform for many experimental set ups like MINERVA, MINOS,
NOVA etc for studying various neutrino/anti-neutrino interactions with nuclei, and neu-
trino oscillations. Accurate measurements of differential, double differential cross sections
for various scattering processes like QE scattering, single and multi-pion production, as
a function of (reconstructed) neutrino energy are done by such experiments, among other
measurements. These along with other accelerator based experiments like T2K, DUNE
(planned) etc, and reactor based experiments aim to study the unknown neutrino properties
from the observation of neutrino oscillations, at different baselines and neutrino energies.

Comparison of neutrino event rates at the far and near detectors, at a given neutrino energy
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is done so as to extract neutrino oscillation parameters, mixing angles and CP-invariance

violating phase, with reduced systematic uncertainties.

We know that neutrino beams are not mono-energetic, and they contain several flavours.
Correct identification of neutrino flavour as well as detailed knowledge of final state particles
after a neutrino interaction takes place, becomes essential to minimize systematic uncer-
tainties in neutrino oscillation experiments [67]. Modern neutrino oscillation experiments
make use of heavy nuclear targets. This is because event rate scales roughly linearly with
mass of target, so use of dense target material will increase statistics. Unfortunately, due
to use of heavy target nucleus, complex nuclear effects also must be taken care of in the
interactions. When neutrino interacts with a heavy target nucleus, generally interaction takes
place among the individual nucleons which are bound inside the target nucleus. At low energy
interactions, distribution of energies and momenta inside the nucleus is not known properly
which leads to uncertainties. Another complicated situation arises when interaction with
target nucleons take place in nuclear medium - in the initial interaction, produced hadrons
travel through dense nuclear medium and undergo further strong interactions giving rise to
final state interactions (FSI). When FSI effects take place in such medium then some particles
are absorbed by nucleus, and many new types of particles may also be created with different
kinematics [68]. Because of FSI, it is not possible to precisely separate different interaction
channels in an experiment, but one can possibly measure the post FSI particle contents [69].
Similar to FSI, another effect may be Pauli blocking (in a nucleus, Pauli exclusion principle
prevents multi occupation of states by the nucleons, i.e. it ensures that the nucleons in a
nuclear state cannot occupy states that are already filled up). Details of how Pauli blocking
applies to nucleons in a target nucleus is not well understood, and can depend on the nuclear
model used. Apart from FSI effects, Pauli blocking, other nuclear effects may be impulse
approximation (scattering cross section is calculated as the incoherent sum of scattering from
the target nucleons), random phase approximation (RPA) (in RPA correlations, the nucleons
in a nucleus interact via two body NN potential) which collectively can cause difficulties in

the precision measurements at the present/planned oscillation experiments.

Monte Carlo event generators play a vital role in every ongoing / planned experiment because
they provide a model for all possible interactions for a given measurement with which analy-
ses can be performed. In general, an event generator provides for any neutrino flavour, energy
and target nucleus, the total cross section for each interaction mode, energy and direction
of all secondary produced particles. It also simulates particle re-interactions inside target

nucleus whenever necessary. Among the most important event generators are GENIE [63],
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NUANCE [70], NEUT [71], GiBUU [65] etc. In GiBUU, the FSI effects are modeled by
solving the semi-classical Boltzmann-Uehling-Uhlenbeck equation.

In [39], the authors have attempted to isolate two different nuclear-medium effects using a
low 3-momentum transfer subsample of neutrino-carbon scattering data from the Minerva
experiment, using the event generator GENIE. They combined observed hadronic energy in
CC vy, interactions, with muon kinematics, to separate QE and A(1232) resonance processes.
They observed a small cross section at very low energy transfer that matches the expected
screening effect of long-range nucleon correlations. Also, they observed that additions to the
event rate in the kinematic region between the QE and the A resonance processes are needed
to describe the data. The data in this kinematic region are also found to have an enhanced
population of multi proton final states. Though contributions predicted for scattering from a
nucleon pair is believed to have both the properties - the model tested in that work did not
fully describe the data. Improved description of the effects of the nuclear environment are

required - as observed by the authors.

Most of the earlier available event generators, for example, relied on free-particle Monte
Carlo cascade simulations that are applicable at very high energies but are of only limited
applicability in the description of relatively low energy FSI of hadrons inside the target
nuclei. A basic feature of nuclei, their binding, is neglected from the outset in these Monte
Carlo calculations. Furthermore, the generators often still rely on outdated nuclear and
hadron physics and consist of a patchwork of descriptions of different reaction channels
without internal consistency. There is, therefore, now a growing realization in the neutrino
long-baseline community that the description of nuclear effects has to be improved.

Hence, in this work, we include the improved nuclear environment effects for the lepton-
nucleus interaction, using implementation of quantum-kinetic transport theory, with improve-
ments in its treatment of the nuclear ground state and 2p2h interactions. This is done by
using another versatile event generator i.e. GiBUU so as to obtain results that could show a
better agreement with the present MINERVA data.

2.2 MINERVA experiment

MINERVA (Main Injector Experiment for v-A) experiment is a neutrino scattering experi-
ment which uses NuMI beamline at Fermilab. The experimental set up consists mainly of

three parts - namely an active scintillator tracking detector, an electromagnetic calorime-
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ter and a hadron calorimeter, including various nuclear targets like carbon, water, helium,
iron and lead. In addition to this, MINOS near detector is used as a muon spectrometer
by MINERVA experiment [72]. Both MINOS and MINERVA are low energy (LE) mode
and medium energy (ME) mode on-axis experiments. The energy range of neutrinos in
MINERVA flux is from 2 < E,, < 6 GeV which peaks at approximately 3.5 GeV as shown in
Fig. 2.3. The experiment does not provide neutrino flux below 1.5 GeV [40]. The MINERVA
data were taken from the year 2010 to 2012, exposed to NuMI beam with 3.33 x 10?° protons

on target. The experiment has baseline of approximately about 1300 km.

2.3 Quasi-elastic and MEC/2p2h processes

In Quasi-elastic (QE) scattering, neutrinos can elastically scatter off an entire nucleon
emitting multiple nucleons from target nucleus. The formalism related to CCQE process
was first laid in the Llewellyn Smith model [73]. For a CCQE process, the neutrino energy
can be reconstructed from the kinematic variables of the charged lepton [/ in the final state

interaction as:
2(M,, — E)E; — (EZ — 2M,E}, + AM?)

EZF =
Y 2(My, — Ep, — E; + picos;) 7

2.1

where M, is free neutron rest mass, Ej, is the binding energy and AM? = M? — Mlz7 + ml2
The above equation is valid for a CCQE process, where neutron is at rest.

Meson exchange current (MEC) also known as 2 particle-2 hole (2p-2h) effect, is an inter-
action where a weak boson from the leptonic current is exchanged by a pair of nucleons
(two body current), and it is expected to lead to two nucleon emission [74]. MEC/2p2h
effects are responsible for event excesses observed by various neutrino oscillation experi-
ments. Both GENIE and GiBUU event generators use Llewellyn Smith model to calculate
CCQE interaction. Schematic diagram of both CCQE and MEC/2p2h processes are shown
in Fig. 2.1 and Fig. 2.2 respectively. In Fig. 2.2, diagram (a) represent one particle-one
hole interaction, diagram (b) is a 2p2h/MEC interaction between two nucleons, diagram (c)
shows pion production. These three diagrams collectively represent many body contributions
to the polarisation propagator. The solid (dashed) lines correspond to free nucleon (pion)
propagators and the dotted lines shows interaction between nucleon-nucleon. There is a blob
with solid lines which represent full (dressed) nucleon propagators. In case of nucleons, the
lines pointing to the right (left) denote particle (hole) states.
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Fig. 2.1 Schematic diagram of charged current quasi-elastic scattering process (taken from
[36]).
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Fig. 2.2 Schematic diagram of 2p2h/MEC process (taken from [72]).
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Fig. 2.3 Flux of MINERVA experiment [75].
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2.4 Neutrino-carbon interaction using transport kinetic the-

ory for nuclear effects

As discussed earlier in Chapter 1 and in this Chapter, due to discrepancy observed between the
data of MINERVA for neutrino-carbon scattering in quasi-elastic regime, and theoretical re-
sults obtained by the authors of [39], in this work, we analyse this data using transport model
based on a set of coupled set of semi-classical kinetic equations. This is done with the help
of the event generator GiBUU 2016. In GiBUU, all nucleons are bound in a coordinate - and
momentum-dependent potential, which is obtained from an analysis of nuclear matter binding
properties and pA reactions. The momentum distribution is such that a high-momentum
nucleon sees a less attractive potential than the one with a low momentum. The momentum
distribution is modelled by the local Fermi gas distribution with pg ~ pl/ 3. The significant
shift of strength towards lower momentum values, as compared with the distribution of the
global rFG (relativistic Fermi gas) is reproduced in [64]. The preparation of the ground
state uses a realistic nuclear density profile, then calculates potential from an energy density
functional, and finally inserts the nucleons into this potential with moments distributed
according the local Fermi-gas model. In GiBUU 2016, they have fixed the value of Er from
the outset. This is achieved by calculating the potential for a conventional, realistic Woods-
Saxon density distribution [76]. Then, by keeping the functional form of the potential and
the value of the Fermi-energy fixed, a nonlinear equation for the density is solved by iteration.

We would now describe the kinematics of the interaction. Let E\, be the energy of the incom-
ing neutrino, £}, be that of the muon produced in CC, Q7 be the square of four-momentum
transferred to the nucleus, three momentum transfer is g3, E,,4;; is the the hadronic energy

available to produce activity in the detector. Then, they can be defined as follows:

Ey = Ey+ 4o, (22)

0° =2E, (Ey — pucos6y) — Mﬁ (M is the muon mass), (2.3)

a3 =/ Q> + 45, (24)

E i1 = proton K.E + charged pion K.E + neutral pion K.E + electron + photon total energy.
(2.5
In next section, we present our results and discussion on them.
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2.5 Results and Discussion

We have calculated double differential cross section for carbon target for MINERVA experi-
ment for some interaction channels like default, 2p2h/MEC processes as shown in Figs 2.4
and 2.6. For the sake of completeness, we also reproduced the results for the same processes
of [39] using GENIE 2.8.0 version (shown in Figs 2.5 and 2.7). We then compare our results
with the available MINERVA neutrino carbon scattering data.

In calculating double differential cross section, we have calculated approximately one lakh
events for both the interaction channels i.e. default and 2p2h/MEC processes, then created
a two dimensional histogram of g3 (along y axis) versus available energy (along x axis),
then no of events in each bin of x and y axes were divided by average MINERVA flux and
3.17 x 10%° nucleon targets, to obtain the value of double differential cross section. From
the definition mentioned in Section 2.4, the available energy (E,,4i;) was calculated from
0 to 0.5 GeV energy range corresponding to each value of calculated double differential

cross section. We have followed this procedure for both the generators GENIE and GiBUU.

d*c

The double differential cross section AEidds in six region of g3 i.e. 0 < g3/GeV < 0.2,
0.2 < g3/GeV <0.3,0.3 < g3/GeV <0.4,0.4 < q3/GeV <0.5,0.5 < g3/GeV < 0.6 and

0.6 < g3/GeV < 0.8 was calculated using both the generators.

In case of GiBUU, for each interaction channel i.e. default and 2p2h/MEC processes, we
used separate jobcards and gave runs selecting appropriate modules in the jobcard. We
have incorporated the available MINERVA flux which ranges from 2 < E, < 6 GeV within
the GiBUU package. Using our own analysis programs, we have extracted the kinematic
variables from the generated files and plotted our results. Though there are various versions
of GENIE available but we performed our analysis using GENIE version 2.8.0 since it is
considered to be the most stable version. Since both the generators are unique in terms of
nuclear models, potentials and for various other reasons, the operating technique in both the
generators are quite different. In GENIE, there is no such jobcard, we have created our own
cross section splines for neutrino carbon interaction. Then using appropriate commands we
generated the events and followed the procedure as mentioned above in this Section.

It is seen from Fig 2.4, for the 2p2h/MEC process, we observe that the overall behaviour of
the curves in the six g3 regions are nearly same i.e. double differential cross section starts
from zero value of available energy, slowly rises to some height and then falls down and
attains zero at some value of available energy. In the region 0.6 < g3/GeV < 0.8, we observe
that our results almost coincide with the MINERVA data.



34 Neutrino-carbon interactions at low three-momentum transfer

=3

6
— GiBUU_2p2h GiBUU_2p2h
—=— Minerva data 0<q /GeV<0.2| Minerva data 0.2<q_/GeV<0.3|

)
o

IS
IS

N

o
T T T T[T T[T T[T [rrTT
0)

N

H

P T R E RSN R B m\””\””m
0 01 0.2

oldE,,dq, (10 em?/GeV?)
©

doldE,,dq,(10 % cm?/GeV?)
©

0 1 0.2 0.3 0.4 0.5 . 0.3 0.4 0.5
Available energy(GeV) Available energy(GeV)
6
r —— GiBUU_2p2h
r —+— Minerva data 0.3<q /GeV'<0.4
51—
P £
P £
K £
Q 4=
5 b
b
g
2 [
= 3
7 [
T C
W2 t
5 £
S C .
o £
15/\\
0"”‘\””\”"‘\1“\HH\‘
0 0.1 0.2 0.3 0.4 0.5
Available energy(GeV)
e C GIBUU_2p2h 6 [ GiBUU_2p2h
- - Minerva data 0.5<q_/GeV<0.6
C —e— Minerva data 0.4<q,/GeV<0.5 C
~ 5E H 5T I |
< <
st \ s f
(9} r 9} r
BT + T b
S S L t
e o i * N
s° [ s° [
o c o L
u 21+ W2 i i
3 C . o E i
) C S G
% L % M .
1/\—\\ 1= .
ol=f v v 1 L L L IS L oL T S S T S T R B
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Available energy(GeV) Available energy(GeV)
6
—— GiBUU_2p2h
Minerva data 0.6<q /GeV<0.8|
5
4
b
3 I !

N

TTT L[ T T T[T T T T[T [T T[T

doldE,,da (10 cm?/GeV?)

0.2 “0.3 ‘0.4““0.5‘
Available energy(GeV)

Fig. 2.4 The double differential cross section % in six regions of g3 using GiBUU
2016 are plotted for 2p2h process (red line) and the MINERVA experimental data are shown
with their respective error bars.



2.5 Results and Discussion

35

) =3

IS

N

T T T[T T[T T[T TTT[ITTT

doldE,,,dq, (10 cm?/GeV?)
©

o

—— GENIE_2p2h
—a— Minerva data 0<q,/GeV/<0.2|

=3

o

IS
LTI

doldE,,dq,(10*cm?/GeV?)
©

N
T[T T T[T

L]

—— GENIE_2p2h

—a— Minerva data 0.2<q/GeV<0.3

T RS S S B B B
0 0.1

0.1 0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
Available energy(GeV) Available energy(GeV)
6
r ——— GENIE_2p2h
r —e— Minerva data 0.3<q,/GeV<0.4

5
P £
P £
K £
Q 4=
B bt
At
g
2 [
-z 3
” [
T C
w2
5 £
o £
© £

1 — .

0 0.1 0.2 . 0.4 0.5

Available energy(GeV)
6 6
——— GENIE_2p2h GENIE_2p2h
—=— Minerva data 0.4<q /GeV<0.5| —— Minerva data 0.5<q,GeV<0.6
5 5

IS

H\‘\\\\_T_L\\\‘\\\\‘\\\\‘\\H

doldE,,dq (10 cm?/GeV?)
o

P T S (I S S S A L
% 0.1 0.2 0.3

IS

~N

T[T T[T T T[T T[T T[Tt

1)
N
o
© .
)
IS

doldE, ,dq (10 cm?/GeV?)
o

o

. . 0.4
Available energy(GeV)

0.5

o b b b b
0 0. .

o

. . 0.5
Available energy(GeV)

6
sE-
> r
s r
5 4
g C
2 [
CIRS
& L
o C
] C
w2
Y
5
o C

0 |

|

—— GENIE_2p2h
—=— Minerva data 0.6<q /GeV'<0.8

o

Fig. 2.5 The double differential cross section AErdds

with their respective error bars.

0.1

0.2 0.3
Available energy(GeV)

0.4

d*c

0.5

in six regions of g3 using GENIE
2.8.0 are plotted for 2p2h process (red line) and the MINERVA experimental data are shown



36 Neutrino-carbon interactions at low three-momentum transfer

=3
=3

—— GIBUU_Default

—— GIBUU_Default
—a— Minerva data 0<q,/GeV<0.2

—a— Minerva data 0.2<q [GeV<0.

)
o

IS

O\\\\‘L\\\‘\\\\‘\\\\‘\\H‘\\\\

IS

oldE,,dq, (10 em?/GeV?)
o ©

doldE,,dq,(10 % cm?/GeV?)
©

- N
T T T[T rrT ot

o

A R N B R N S R B
01 04 05 0.1 0

0.4 0.5

0.2 0.3 .2 0.3 ‘
Available energy(GeV) Available energy(GeV)

=3

—— GiBUU_Default

—+— Minerva data 0.3<q,/GeV<0.4

o

~

N

doldE,,,dq (10 cm?/GeV?)
o\\\‘\\\\‘\\\\w\\\\‘\\\\‘\\\\

) Y R I R PR
0.1 0.2 . 0.4 0.5
Available energy(GeV)
6 6
C —— GIBUU_Default r ——— GIBUU_Default
= —a— Minerva data 0.4<q [GeV<0. L \—HMWSW
5[ - s }
< f < t
S 5 f
9] r 9] r
IR 3 b
S S L t
e o i * N
s° [ s° [
o c o L
u 21+ w2 ! i
T ¢ ' 5 °F
© r © ¥
% L % '
I I )
o Y I S S EU e S B o S S E OIS B
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Available energy(GeV) Available energy(GeV)

=)

—— GIBUU_Default

—a— Minerva data 0.6<q /GoV<0.5|

2

°H\HHH‘HH‘HH‘HH‘HH

IS

doldE,,da (10 cm?/GeV?)
N ©

o

0.1 0.4 0.5

/‘-]\failable ‘en‘erg.):j(GeV)
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From Fig 2.5, we observe that the double differential cross section for 2p2h/MEC process,
indeed rises from zero value of available energy, attains some height and then slowly fall
down and becomes zero for some value of available energy. This trend is observed for
the five g3 regions i.e. 0 < g3/GeV < 0.2, 0.2 < g3/GeV < 0.3, 0.3 < ¢q3/GeV < 0.4,
0.4 < g3/GeV <0.5,0.5 < gq3/GeV < 0.6. But it is observed that in the last region of ¢3 i.e.
0.6 < g3/GeV < 0.8, the cross section curve increases with the increasing values of E,,;
energy. It is expected that at some value of E,,,; > 0.5 GeV, the curve may merge along
with x axis. The double differential cross section results obtained using GENIE, are not in
good agreement with the MINERVA data. Thus, using GiBUU, we can say that our results
have improved as compared to those produced with the other generator GENIE.

From Fig 2.6, we observe that double differential cross section for the default process using
GiBUU, is not zero at zero value of available energy, infact the curves slowly rises and attain
some height and then slowly fall down to zero at nearly E,,,; = 0.5GeV . This trend is ob-
served for the four g3 regions i.e. 0 < g3/GeV < 0.2,0.2 < q3/GeV < 0.3,0.3 < g3/GeV <
0.4, 0.4 < g3/GeV < 0.5. But for the last two regions of g3 i.e. 0.5 < g3/GeV < 0.6 and
0.6 < g3/GeV < 0.8 we observe that our cross section curve increases with the increasing
values of E,,,;; energy. Similarly from Fig 2.7, we observe that double differential cross
section for the default process using GENIE is zero at zero value of available energy, then the
curves slowly rises and then slowly fall down to zero at some values of available energy. This
trend is observed for the entire six g3 regions i.e. 0 < g3/GeV < 0.2,0.2 < g3/GeV < 0.3,
0.3<q3/GeV <0.4,0.4 < q3/GeV <0.5,0.5 < g3/GeV < 0.6 and 0.6 < ¢q3/GeV < 0.8.
What we can comment from this plot is that the GENIE results are not in good agreement
with the available MINERVA data.

We would like to point out here, that from the theory of electroweak (EW) gauge interactions,

this variation of cross section with energy can be explained very well [36].

2.6 Summary

To summarize, we find that our results obtained including 2p2h process for double differential
cross section of neutrino carbon scattering, produced using GiBUU, are in better agreement
with the MINERVA data, than those reported in [39]. The 2p2h results using GENIE are
low as compared to our results using GiBUU. This differences may be attributed to use of
better nuclear environment effects, through the use of GiBUU. Fine tuning of our GiBUU

results for the two interaction processes i.e. default and 2p2h/ MEC is required. We are also
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working on a different and interesting interaction process i.e. (2p2h + RPA). We expect that
by incorporating RPA effects with 2p2h/MEC process, our GiBUU results will improve and
will indeed agree well with the available MINERVA data.



Neutrino cross section in UHE regime

using double asymptotic limit of QCD.

In Chapter 2, we discussed neutrino carbon scattering at low three momentum transfer in
quasi-elastic regime. In this chapter, we focus on neutrino nucleon scattering in ultra high

energy (UHE) regime.

3.1 Introduction

As discussed in Chapter 1, neutrino nucleon scattering cross sections play a pivotal role
in all neutrino oscillation experiments. Such experiments make use of neutrinos coming
from natural resources as well as from artificial (man-made) resources [36]. In any neu-
trino experiment, neutrinos are scattered off a nucleon/nucleus of the detector. Neutrinos
coming to the earth from natural sources have their origin in the sun, active galactic nuclei
(AGN) and core of supernovae-they are believed to play crucial role in various astrophys-
ical phenomenon. The information obtained from astrophysical objects and mechanisms
is complimentary to that available from electromagnetic or hadronic interactions. It was
already mentioned in Chapter 1 that neutrino interactions across various energy scales can

be categorised into five classes [36] - thresholdless process, low energy nuclear process,
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intermediate energy process, high energy (DIS) process and Ultra high energy (UHE) process.

Neutrino DIS processes have been used to validate the standard model (SM) and to also probe
nucleon structure. Cross sections, electroweak (EW) parameters, coupling constants and
scaling variables etc. have also been measured by experimentalists through such processes.
In the vN DIS, the neutrino scatters off a quark in the nucleon via the exchange of a virtual
W (CC) or Z (NC) boson, producing a lepton and hadronic system in the final state. Similarly,
UHE neutrino cross sections have gained importance as many experiments worldwide are
ongoing/planned to observe processes involving them. The natural sources of UHE could
be - supernovae core collapse, cosmic rays, gamma ray burst, AGN etc and they serve as
windows of understanding highest energy processes in the universe. Since attenuation of
these neutrinos due to their travel is very low (as they are only weakly interacting), they
act as a powerful tool to help us know about their sources. Various experiments measuring
UHE neutrinos, ongoing and planned, worldwide are - Baikal [77], ANITA [78], RICE [79],
AMANDA [80], HiRes [81], ANTARES [82] , IceCube [83], GLUE [84], Pierre Auger
Cosmic Ray Observatory [85], ARIANNA [86], JEM-EUSO [87]. A number of studies on
UHE neutrino cross sections (CC and NC) are available in literature. R. Gandhi, et al., [88]
(GQRS1998) reported results based on u,d,c,s quark PDFs (Parton Distribution Function)
from 1998 CTEQ4 analysis of the early HERA-ZEUS small x data. In the results presented
by A. Connolly, et al., [89] (CTW 2011) and A. Cooper-Sarkar, et al., [90] (CSMS 2011)
they included b-quark contribution to both CC and NC scattering and are based on updated
PDFs obtained from newer data. Froissart bound inspired behaviour of F;” of DIS (e — p)
scattering was used by Martin M. Block, et al., [91] (BDHM 2013) to evaluate UHE neutrino
cross section off an isoscalar nucleon N = HTP , upto Ey ~ 10'7 GeV. It may be noted that
Ey ~ 10!7 GeV is the highest reach of the experimental search for UHE cosmic neutrino
[83, 84].

In this work, we calculate CC and NC neutrino-nucleon scattering cross section in Ey ~
(10° — 10'% GeV) using QCD inspired Double Asymptotic limit (DAL) of the proton structure
function er P(x, Qz). The preliminary results of this analysis were presented in [92]. In [94],

it has been shown that the e-p structure function exhibits a dynamic pomeron type behaviour:
FEP ~ox @), 3.1)

which can be obtained from DGLAP (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) evolution
equation. It was found to describe the HERA HI1 data, available at that time, for F;” in the
range 1 <x < 107* and 5 < Q% < 5000 GeV? within 10 % error. In high energy physics, the
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pomeron is a Regge trajectory, a family of particles with increasing spin, postulated to explain
the slowly rising cross section of hadronic collisions at high energies [95]. At high energies
(and low Q%) y*p cross section is believed to have similarities to that of hadron-hadron
interactions. Pomeron type behaviour of F> at small x can explain the logarithmic rise of
cross section with energy. In Fig 3.2 we present the result from the computation for CC, NC
and total cross section for 10? < E, < 10'2 GeV. We then compare our results (shown in Fig
3.3 and Fig 3.4) in the energy range 10° < E, < 10'> GeV with those already available in
literature (as no data is available at present). While overall behaviour is found to be similar,
the values of our cross sections are found to be lower than those of BDHM2013, CTW2011
and CSMS2011 for Ey, > (10° — 10'!) GeV for CC . On the other hand, our values are lower
than those of GQRS1998, for energy of E, = 10° GeV. For NC, for E, > (10° — 10'?) GeV ,
our values are almost same as GQRS1998 whereas for Ey, > (10° —10'°) GeV our values
are slightly lower than BDHM2013, CTW2011 and CSMS2011. In our view, this could be
attributed to the form of structure function Eq (3.1), used to calculate VN cross section. It
may be noted that the rising behaviour of er P can be controlled due to screening corrections
and we intend to do it in our future work. Then we present analytical form of total cross
section, fitted to the forms, Eq (3.19) and Eq (3.20) both for CC and NC.

It has been stated in [36] that for a more accurate prediction of the VN cross-section, a well
formulated model of the nucleon structure function is needed and that this predictive power
is specially important in the search of New Physics (NP). At such Ultra High Energies,
the VN cross section can depart substantially from the standard model predictions, if NP
is at play. Study of such UHE neutrino interaction thus could be a possible probe of new
physics. Determination/measurement of VNN cross section could also be useful to constrain
the underlying QCD dynamics of the nucleon. Detection of UHE neutrino events may shed
light on the observation of air shower events with energies > 1019 GeV, as well. Moreover,
the behaviour of UHE VN cross section can also be used to discriminate among different
models of gluon dynamics at play at very low x. The energy dependence of total VN cross
section measurement may have important implications for hadronic interactions at such UHE,
not accessible otherwise. If cross section much outside the limits of ongoing/planned neutrino
experiments are observed, then predictions presented in this work could be very important.
This commands attention also, since many experiments worldwide are planned/ongoing in
DIS/UHE regime.

We would like to emphasize here that, we have not used any software available in public

domain, in our work we have done the computation of VN cross section, using our own
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computer program and this is a novely in this work. Another novel feature is dynamic
pomeron type behaviour of er P used in our work, which also gives pomeron type behaviour
for VN cross section at UHE.

The Chapter has been organised as follows. In Section 3.2, we present a brief review on
neutrino scattering at UHE regime, in Section 3.3, a review on DAL behaviour of F P
following [94] is given. In Section 3.4, total GVC]S and Gf,ng , Cross sections using above form
of er P are presented. Section 3.5 contain numerical calculations, results and analysis. Lastly
we summarize and draw conclusions in Section 3.6.

3.2 Neutrino scattering at UHE regime

In DIS, the neutrino scatters off a quark in the nucleon via the exchange of a virtual W
or Z boson producing a lepton and a hadronic system in the final state [4]. Both charged
current (CC) and neutral current (NC) processes are possible like v+ N — [~ + X and
V;+N — [T +X. where N = p,n and X denotes any set of final hadrons.

We now describe the kinematic variables for the process v;(py) +N(pn) — I~ (p1) + X (px)
e the four momentum transfer, q = (py — p;) = (px — pN)

e Lorentz invariant squared center of mass energy, s = (py + py)?

The other quantities are —Q” = ¢*> = (py — p;)?

e Bjorken variable, x = Q?/(2.py.q). It is the fraction of longitudinal momentum of the
nucleon carried by parton.

e Inelasticity, y = pn.q/pn-pv. Where py, p;, py and px are the four momenta of neutrino,
the charged lepton, the nucleon and the sum of the four-momenta of the final hadrons
respectively.

The Feynman diagram for the process v;(py) +N(pn) — I~ (p;) +X (px) is shown in Figure
3.1(a) and in the quark-parton model with elementary W (q) +d(p;) — u(py) transition is
shown in Figure 3.2(b).

3.3 A brief review of F,”(x, 0*) using DAL of QCD

In this section, we describe briefly about electron-proton structure function er P(x,0%)
utilising DAL of QCD, following [94], for the sake of completeness of this work. It is
well known that in DIS (e — p) scattering, the incoming electron scatters off the target proton,
via the exchange of a virtual photon, producing a hadronic system in the final state. A typical
(e — p) DIS event can be described with the help of two independent variables, x and 02,

where x is the Bjorken variable (fraction of proton’s momentum carried by its constituent
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Fig. 3.1 (a) Diagram of the v;(py) +N(pn) — I~ (p1) + X (px) charged-current DIS process.
(b) Diagram of the same process in the quark-parton model.

partons, in Breit’s frame) and Q? is the transverse momentum squared of the virtual exchanged

photon. The scattering cross section can be described in terms of two structure functions,
. . 2 .

F>(x,0?%) and F{(x,Q?). Bjorken variable x = 2%,[—‘,, here Vv is the electron’s energy loss and

Q? depends on the scattering angle. The squared mass W2 of the observed hadronic system is
W2 =(p+q)* =M —Q*+2Mv, (32)

(in proton’s rest frame) where p and q are proton and electron’s momentum respectively, M
is proton’s mass. For elastic scattering, W? = M?(x = 1). In parton model, at large Q?, for
spin % partons, F>(x) = 2xF and F; = F> — 2xF] = 0. For point like parton, Bjorken scaling
occurs, structure function do not depend on Q7. But scaling violations are found to occur
in (e — p) DIS processes, as x decreases, which means that structure function Ff P depends
on Q? also. Thus the proton no longer consists of point like partons only, but has a dynamic
structure deep inside, which can be explained via QCD evolution equations in leading log
Q? approximation (LLQ?), known as DGLAP equations [93]. In (e — p) DIS, in the next
to leading order, scaling violations occur through gluon bremsstrahlung from quarks and
quark pair creation from gluons. At small x < 1072, the latter process dominates the scaling
violations. This property can be exploited to extract gluon density from the slope dl Q2 of
the proton structure function. The general equations [87] describing the Q2 evolution of the
quark density and gluon density respectively are

dq' , L4
=S qu 0:0)aa() + G031 By () (33)



46 Neutrino cross section in UHE regime using double asymptotic limit of QCD.

X 1 2f ) X X
dGc(lt’t) - O;(;)/x dy—y[Z qj(y’t)PG(I<§)+G()’=I)PGG<§)]7 (3.4)

J=1

where Pyy(3), P46 (3), F6q(35), Poa(5) are the splitting functions and 7 = In%;. Assuming that

Qo
the quark densities are negligible and the non-singlet contribution FZN S can be ignored safely

at small x in DGLAP equation, for F>, the equation becomes

sz(X, Q2)
dinQ?

10 1 ’ 1o X X
=5 / axX o) 58(5.0%). (3.5)

Here xg(x,0%) = G(x, Q?) is the gluon momentum density and g(x, Q?) is the gluon number
density of the proton and % = ’y—‘ Rearranging Eq (3.5) we have

dF>(x,0%) 504
dinQ?>  9m

i 1
/x dygg(y, Qz)y—z[x2 +(y—x)7. (3.6)

Substituting y = li_z we can write RHS of Eq (3.6) as

dzG(—— 1—2z2)7). 3.7
9ﬂ/o G QP+ (1-2)° )
Expanding G(1= ,Qz) about z = 5> and keeping terms upto the first derivative of G in the
expansion we have
x 2%, 1—x, 4x dG(x,0%)
G R — — 7 "N 2x . 38
(1—z’Q) ( x’Q) ( 2 )(l—l—x)2 dx =5 (3:8)

When this expansion is used in Eq (3.6) we get

dF(x,0*) 50 (A+Ax+2B)
dinQ?> 91 (1+x)(A+Ax+4B)

G(y,0%), (3.9)

where y' = [ (AR 4 = PUS — (1624 (1 - )] and B = (1500 in

the limit x — 0, Eq (3.9) reduces to

dF>(x,0%) 100 (1—x)?
dinQ>  9m (1—1.5x)

—,Q ). (3.10)
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Using the above double asymptotic expression [94] for F in small x and large Q% (DAL)
limit, we can write

144 1
exp 33—2nf§ln(x_1>

T
(331_4;;_,.51”(%»4

FP~ (3.11)

Q2

In
with § = In( gi ), X1 = 2)11)3(" ny is the number of flavors, Q0 is the value at which the

In—=
A2

input parton parameterization is to be used and A is the QCD mass scale. sz in Eq (3.11) in
DAL can be parametrized as

FP ~x M@, (3.12)

which can be viewed as of dynamic pomeron type.

3.4 Total charged and neutral current neutrino nucleon

cross section at UHE

The total charged and neutral current (CC and NC) cross section for neutrino nucleon

scattering [91], for an isoscalar nucleon N = erp can be written as

d2
L I

min

GIZT 2mEy, 5 M2 5 Ly Q2 QZ
—7F d F) +xFY + (F) —xFy (1—-) —< )
an /Qfm‘n] ¢ (Q2+M2) /Zmlz‘fv x [T (R ) xs xS 4
(3.13)

where sz 1s the neutrino-nucleon structure function, s = 2mkE,,, s is the Mandelstam variable
which is the total energy in the centre of mass frame, m is the nucleon mass, G is the Fermi
constant and Mvzv is the squared mass of intermediate W-boson, Q2 is the four momentum
square of virtual photon. Here xF; is a measure of difference of quarks and antiquarks
PDFs, and so is sensitive to the valence quark distribution function. We neglect valence
quark contribution in our analysis, as at small x, structure of proton is dominated by gluons
only [94]. Therefore, contributions of 3’ to VN scattering is sub dominant only and hence
neglected in our analysis. Similar expression can be obtained for neutral current cross section
by replacing My by Mz in Eq (3.13). For the flavour-symmetric (¢¢)N interaction at small

x < 0.1, the neutrino-nucleon structure function, F2v (x, Q2) can be related to electromagnetic
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structure function, F, 7 (x,0?) (see [96]) as

B W) = o G0 (3.14)
q

where ny is the number of flavors and Q, is the quark charge. Thus for 10° < E, < 10'?
GeV, x lies in the range 1073 < x < 1078, Here Ggg ~c» 18 the neutrino nucleon cross section
- to leading order in weak coupling Gr and all orders in strong hadronic interaction.

Minimum value of Q? is consistant with application of pQCD, we have used Qmm =1 GeV?

in our computation. Now using DAL value of er P from Eq (3.12) in Eq (3.13), we obtain the

expression for total neutrino-nucleon cross sections as

G [2mEvx107% M2l dx 0
E W (M) 1
NS g /Q%m,,—l RS /Q AT el

where A(Q%) =a— b.e=%" and the values of constants are found to be as a = 0.486,b =
0.272 and ¢ = 0.002. Solving Eq (3.15), we get

My, e 20|
Q>+ My,

G2 /2mva102 d0? (

Occ (E A-E
CC( V) 471: Q%”.n:l _A(QZ) QZ

2mE v

212 e
-G HY a6

:_Ag/szvxmz d0° My
2. =1  A(Q?) Q*+M

4w
GI%“M“}V /ZmEv x1072 dQZ ( 1 ) {( Q2
A Jg2. —1 A(0?) Q2 +M2 2mEy

in low x and high Q? regime. Here A is normalisation constant.

—A )AME) 1y, (3.17)

The corresponding total neutral current cross section Oy N(Ey) is obtained by replacing My,

by squared mass of intermediate Z boson M7 that is

Q2
2mE,

G%Mé /ZmEvXIO_2 dQZ 1

~A(Q) _
an Jo,=1 MQZ)(Q2+M% ) 1}. (3.18)

)l

oNe (Ey) =A

3.5 Results and Discussion

We have computed ch and GNg by carrying out the integration in Eq (3.17) and Eq (3.18)
using our own computation (Monte Carlo integration technique) and have presented the
results in Fig 3.2. We find that the behaviour of Gglcv and G]‘\}]g is similar to that available
in literature. The values of our total cross section both for charged and neutral current are
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organised in tabular form (Tables 3.1 and 3.2) along with other cross section values that are
available in literature. We then make a fit to the CC and NC v — N cross sections to obtain
the analytic forms of the following types in the energy range 10°GeV < E, < 10'2GeV:

o = (2.00921 +0.0113361) x (InEy)? 4 (—4.45714 £0.035448) x (InE,)

(3.19)
+(—32.2999 £+ 0.062563),

oy = (2.0157£0.010493) x (InEy)* + (—4.46797 +0.032813) x (InEy)

(3.20)
+(—32.3876£0.057913).

This can be viewed as a Reggeon exchange-type behaviour of the cross section at UHE. Here
we would like to emphasize that, a dynamic pomeron type form of er P'Eq (3.1), of the strong
interactions, gives a Reggeon exchange-type behaviour of Eq (3.19) and Eq (3.20) total cross

section of weak interactions.

3.6 Summary

In this work, we have calculated total neutrino-nucleon cross section Ggﬁ for CC and G‘],V[\g for
NC interactions using the Double Asymptotic Limit of er P of DIS (e — p) scattering, found
earlier by one of us [94]. In [88-91], they used standard sets of parton distribution functions
available in literature at that times, to obtain total cross sections at UHE, but we have used
our own parameterization for er P (within 10 % error) in DAL, using input PDFs at Q,%u.n. We
found that though the overall behaviour of our calculated VN cross sections is similar to the
above mentioned works, our values are slightly smaller, in the low energy range, while larger
in the high energy range. This difference could be attributed to different assumptions in input
parameterization of PDFs used in F,”, and due to the fact that we have used our own analytic
form of F; P in low x and large Q” regime obtained from DGLAP equation. We note that with
the use of screening corrections in the evolution of proton structure function, these results can
be improved, and will be done in future work. We used Monte Carlo integration technique
in our computation to obtain these cross-sections in the energy range 10° < E,, < 10'? GeV.
Then we did a parameter fitting of these cross-sections, to obtain their analytical form (Eq
(3.19) and Eq (3.20)). The dynamical pomeron-type behaviour of er P give rise to a Reggeon
exchange-type behaviour of total cross-section [95] in UHE regime. This could hint to some
interplay between strong (F, ") and weak (6¥N) dynamics. The future measurements of ¢V

in this regime would provide a test to the ideas presented in the work.
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Fig. 3.2 Variation of neutrino-nucleon charged current, neutral current and total current cross
sections with neutrino energy (from our calculation).
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Fig. 3.3 Comparison of charged current VN cross sections, in cm? as a function of Ey.

| Ey (GeV) | ogpum(cm?®) | ocrw(cm?) | ocsus(em?®) | ogors(em®) | opss(em®) |

10° 1.00x 10732 [ 1.1x10732 [ 1.1x 102 [ 1.05x 10732 [ 4.09 x 1033
1010 1.82x10732 | 22x 10732 | 24%x 10732 | 2.38x 10732 | 1.21 x 10732
10'! 3.02x 10732 | 43x 10732 | 48x 10732 | 534 x 10732 | 3.62x 10732
1012 4.69%x 10732 | 83%x1032 | 75%x10732 | 1.18x 1073 | 1.08 x 103!

Table 3.1 Charged current VN cross sections, in cm? as a function of E, are listed. Here
BDHM refers to the work done by Martin M.Block, et al. [91], CTW refers to A. Connolly,
et al. [89], CSMS refers to A. Cooper-Sarkar, et al. [90], GQRS refers to R. Gandhi, et al.

[88] and BSS refers our work in this chapter.
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Fig. 3.4 Comparison of neutral current VN cross sections, in cm
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as a function of E,,.

| Ev (GeV) | oppram(cm?®) | ocrw(cm?) | ocsus(cm®) | ogors(cm®) | opss(em®) |
10° 412x10°3 [43%x103 [ 44x103[4.64x1073 | 3.40%x 10733
1010 7.58x 10733 1 9.0x 10733 | 9.6x 1073 | 1.07x 10732 | 1.016 x 10732
10! 1.27x 10732 | 1.8x 10732 | 2.0x 10732 | 2.38 x 10732 | 3.042 x 10732
1012 2.00x10732 | 35%x10732 | 3.1x 10732 | 5.20x 10732 | 9.16 x 10732

Table 3.2 Neutral current VN cross sections, in cm? as a function of E, are listed. Here
BDHM refers to the work done by Martin M.Block, et al. [91], CTW refers to A. Connolly,

et al. [89], CSMS refers to A. Cooper-Sarkar, et al. [90], GQRS refers to R. Gandhi, et al.

[88] and BSS refers our work in this chapter.



Compatibility of A4 Flavour Symmetric
Minimal Extended Seesaw with (3+ 1)

Neutrino Data

In Chapters 2 and 3, we have discussed neutrino carbon scattering at low three momentum
transfer in quasi-elastic regime and neutrino nucleon scattering cross section in ultra high
energy regime respectively. In this chapter, we have studied some application of neutrino

scattering cross section, focussing on sterile neutrino sector.

4.1 Introduction

Non-zero neutrino masses and large leptonic mixing have now become a well established fact,
thanks to a series of results from several experiments [97—102] over the last twenty years.
While the solar and atmospheric mixing angles plus mass squared difference measurements
have become more precise with time, the evidence for a non-zero reactor mixing angle
emerged with the relatively recent experiments like MINOS [103], T2K [104], NOvA [105],
Double ChooZ [106], Daya-Bay [107] and RENO [108]. Apart from the currently unknown
issues in the neutrino sector, like mass hierarchy, Dirac CP violating phase as the global
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fit data suggest [109], another interesting question in the neutrino sector is the possibility
of additional neutrino species with eV scale mass. In fact, this has turned out to be not
just a speculation, but has gathered considerable attention in the last two decades following
some anomalies reported by a few experiments. The first such anomaly was reported by
the Liquid Scintillator Neutrino Detector (LSND) experiment in their anti-neutrino flux
measurements [110, 111]. The LSND experiment searched for v, — V, oscillations in
the appearance mode and reported an excess of V, interactions that could be explained by
incorporating at least one additional light neutrino with mass in the eV range. This result was
supported by the subsequent measurements at the MiniBooNE experiment [112]. Similar
anomalies have also been observed at reactor neutrino experiments [113] as well as gallium
solar neutrino experiments [114, 115]. These anomalies received renewed attention recently
after the MiniBooNE collaboration reported their new analysis incorporating twice the size
data sample than before [116], confirming the anomaly at 4.80 significance level which
becomes > 60 effect if combined with LSND. Although an eV scale neutrino can explain this
anomaly, such a neutrino can not have gauge interactions in the standard model (SM) from
the requirement of being in agreement with precision measurement of Z boson decay width
at LEP experiment [117]. Hence such a neutrinos is often referred to as a sterile neutrino
while the usual light neutrinos are known as active neutrinos. Status of this framework with
three active and one sterile or 3 + 1 framework with respect to such short baseline neutrino
anomalies can be found in several global fit studies [118—121]. It is worth mentioning that
the latest cosmology results from the Planck collaboration [122] constrains the effective
number of relativistic degrees of freedom Negr = 2.99 £0.17 at 68% confidence level (CL),
which is consistent with the SM prediction N.g = 3.046 for three light neutrinos. Similarly,
the constraint on the sum of absolute neutrino masses Y ;|m;| < 0.12 eV [122] (at 95% CL)
does not leave any room for an additional light neutrino with mass in eV order. Although this
latest bound from the Planck experiment can not accommodate one additional light sterile
neutrino at eV scale within the standard ACDM model of cosmology, one can evade these
tight bounds by considering the presence of some new physics beyond the standard model
(BSM). For example, additional gauge interactions in order to suppress the production of

sterile neutrinos through flavour oscillations were studied recently by the authors of [123].

Such experimental indications of an eV scale sterile neutrino having non-trivial mixing with
active neutrinos have led to several BSM proposals that can account for the same. While
the usual seesaw mechanisms like type I [124—128], type II [129-135] and type III [136]
explaining the lightness of active neutrinos were studied in details for a long time, their

extensions to the 34 1 case was not very straightforward primarily due to the gauge singlet
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nature of the sterile neutrino. Yet, there have been several proposals to generate a 4 x 4 light
neutrino mass matrix within different seesaw frameworks in recent times [137-149, 62, 150].
Here we adopt a minimal framework known as the minimal extended seesaw proposed in
the 3 + 1 neutrino context by [138, 139] and study different possible realisations within the
framework of non-abelian discrete flavour symmetry A4. Flavour symmetry is needed to
explain the observed flavour structure of different particles of the standard model. In the
original proposal [139] also, the A4 flavour symmetry was utilised but within the limited
discussion the issue of non-zero reactor mixing angle as well as different A4 vacuum align-
ments were not addressed. In another recent work based on the same model with A4 flavour
symmetry [151], some details of the associated neutrino phenomenology was discussed
by sticking to the effective 3 x 3 active neutrino mass matrix which can be generated by
integrating out the sterile neutrino. In our present work, we consider the full 4 x 4 mass
matrix and do not integrate out the sterile neutrino as its mass may not lie far above the
active ones always, as hinted by experiments mentioned above. We also classify different
possible textures of the 4 x 4 neutrino mass matrix based on generic A4 vacuum alignments
for triplet flavons. Similar but not texture specific work in three neutrino cases to constrain
different A4 vacuum alignments from three neutrino data was done by the authors of [152]
which was further constrained from successful leptogenesis in [153]. Here we extend such
studies to the 3 + 1 neutrino cases. Texture zeros in 3 + 1 neutrino scenarios were discussed
in different contexts earlier using flavour symmetries like Zy,U(1) etc. [147, 149, 62] but
here we show that some of these textures can be realised (upto a few more constraints)
just from the vacuum alignment of A4 triplet flavons. We first make the classifications for
allowed and disallowed textures based on already known texture results in 3 + 1 neutrino
frameworks [154—157, 147, 149] and then numerically analyse some of the textures which
have not been studied before. To be more specific, we categorise our textures based on u — 7
symmetric cases, texture zero cases, hybrid cases and disallowed ones. Out of them, we
numerically analyse all the textures belonging to (t — 7 symmetric and texture zero cases
leaving the discussion on hybrid textures to future works. It should be noted that, although
the discovery of non-zero reactor mixing angle has ruled out ¢ — 7 symmetry in the three
neutrino scenarios, it is possible to retain it in a 3+ 1 scenario where the 3 x 3 neutrino block
retains this symmetry while the active-sterile sector breaks it. This interesting but much
less explored idea to generate non-zero 613 by allowing the mixing of three active neutrinos
with a eV scale sterile neutrino was proposed earlier in [158—161] and was also studied in
details recently in [150]. We find that many of the textures belonging to these categories

are already ruled out by neutrino data while the ones which are allowed give interesting cor-
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relations between neutrino parameters which can be tested at ongoing and future experiments.

This chapter is organised as follows. In Section 4.2 we discuss the details of the model
followed by the classification of different textures in Section 4.3. In Section 4.4 we discuss
the numerical analysis adopted in our work followed by results and discussions in Section

4.5. We finally summarise in Section 4.6.

4.2 The Model

As mentioned before, here we adopt the model first proposed in [139] but discuss it from
a more general perspective taking all the allowed terms in the Lagrangian and all possible
generic vacuum alignments of A4 triplets. Here we note that the discrete non-abelian group
Ay 1s the group of even permutations of four objects or the symmetry group of a tetrahedron.
It has twelve elements and four irreducible representations with dimensions #; such that
Y,;n? = 12. These four representations are denoted by 1,1’,1” and 3 respectively. The
product rules for these representations are given in Appendix A.

The particle content of the model along with their transformations under the symmetries
of the model are shown in table 4.1. Apart from the SM gauge symmetry and A4 flavour
symmetry, an additional discrete symmetry Z; is also chosen in order to forbid certain
unwanted terms. For example, the chosen Z4 charge of the singlet neutrino S keeps a bare
mass term away from the Lagrangian. This is important because a bare mass term will be
typically large, at least of electroweak scale and hence will not help us generate a 4 x 4 light
neutrino mass matrix with all terms at or below the eV scale. To have a seesaw mechanism
at place, three right handed neutrinos Vg;,i = 1,2,3 are included into the model. Apart from
the usual Higgs field H responsible for electroweak symmetry breaking, there are six flavon
fields ¢, ¢)/, ¢”, &, é/, x responsible for spontaneous breaking of the flavour symmetries and
generating the desired leptonic mass matrices. The leading order Lagrangian for the leptons

can be written as

I er Hr TR o0 & & xlve ve vis S
SU(Z)L 2 1 1 1 1 1 1 1 1 1 1 1
3 1 1
1 i

T U
Ay

7 7

1 1 1 1 1 1 1 1
Zy 1 1 1 1 171 -1 -1 —i| 1 —i -1
Table 4.1 Fields and their transformations under the chosen symmetries.
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Zy D A(ZH‘P)leR‘f‘ (1H¢>1’HR+ (1H¢)1"TR+A(1H¢)1VR1+ (ZH¢)1”VR2

+ yf(zHW’)LVm + 5/115\’1%1\’131 + 5125 VR VR2 + 5/135"_1630\’163
1 — _ _
+ EPXSCVRI +2ESVRa +ys5x ' SVrs + hec. 4.1)

where A is the cut-off scale of the theory, ye,yu,yz,Y1,Y2,53,Y4,¥5,A1,42,A3,p are the
dimensionless Yukawa couplings. It is worth noting that the last two terms were not included
in the original model [139] although they are allowed by the chosen symmetry of the model.
We include them here as they contribute non-trivially to the neutrino mass matrix as well as
the generation of correct neutrino mixing.

We denote a generic vacuum alignment of the flavon fields as follows
<¢> :V(I’l],l’lz,l’l3), <¢/> :V(I’l4,1’l5,n6),
(0") =v(n7,ng,no), () =(&")=v, (x)=u (4.2)

where n;, i = 1 —9 are dimensionless numbers which we choose to take values as n; €
(—1,0, 1), which are natural choices for alignments in such flavour symmetric models. Here
v or u denotes the vacuum expectation value (VEV) of the flavon fields which typically
characterises the scale of flavour symmetry breaking. Similar but more restricted alignments
are chosen in the original proposal [139]. Using such VEV alignments and the A4 product
rules given in Appendix A, the charged lepton mass matrix can be written as

nye myu n3yrc
ml:T n3ye niyy Moy |- 4.3)
noye n3yu miye

The neutral fermion mass matrix in the basis (vz, Vg,S) can be written as
0 Mp O

M= | ML Mrp MI (4.4)
0 Mg O
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where Mp, the Dirac neutrino mass matrix is

(H)v yiny yans  ysng yinyp yans ysng
Mp =——= | yin3 yona ysng | = VA [ yins yons yano (4.5)
yinz  yane y3ng yiny  yane y3ng
2,2
with A = % The right-handed neutrino mass matrix takes the diagonal form
llv 0 0
Mr=1]1 0 A»v 0 |, (4.6)
0 0 Azv
and Mg in the basis (S, Vg) is given by
Ms = (P“,y4V;)’5“)- 4.7)

In the case where M > Mg > Mp, the effective 4 x 4 light neutrino mass matrix in the basis
(v, Vs) can be written as [139]

(4.8)

MpMy'ME  MpMy'M!
v = _ _
Ms(M)YTM) MsMy ' MY

Using the expressions for Mp, Mg, Mg mentioned above, the 4 x 4 active-sterile mass matrix

can be written as

—Aa7 —Aag —Aag - \/Z(ll

axa | —Aaio  —Aain  —Aap —VAay

my 4 = (4.9)
—Aa13 —Aa14 —Aa15 —\/2613

—VAay —VAas —VAas —ap

where

ao = (° ;ff yj—; ?7”32), (4.10)
ay = ag = (pb\t;));jlnl . y4122n5 uy\s}ﬁm)’ @.11)
4y = as = (szlllns y4f122n4 uyz:’m) (4.12)
43 = ag — (Pb‘t})/’lllnz Y4;L’22n6 My‘sjins ), (4.13)
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2.2 2.2 2.2
yiny | Yahs y3n7)
)

_ 4.14
@ ( V)Ll Vﬂ,z V}B ( )
2 2 2
yinany  y;n4ans - y3n7ng
_ _ 4.15
ag = a10 = ( VA + vAs i VA3 ) 1
(Y%n1n2+ygnsﬂ6+y%”7”8) (4.16)
ag = a3 = '
9 13 v)pl VAZ VAG ’
) 2.2
a4 = ()’1”3 y3nj y3n9) (4.17)
VA vy V)G ’ '
(y%n2n3 +y%”l4n6 +y§”8”9> (4.18)
app =dajs = '
12 14 VA vy VA3 ’
20 2.2 2292
n n n
Cllsz(yl 2, Vol | V3 8). (4.19)

v?Ll VAQ v7L3

This is a 4 x 4 complex symmetric mass matrix, in general having ten independent elements.
However, depending upon the vacuum alignments or the specific values of n; € (—1,0,1),

the mass matrix can have interesting textures which we discuss in details in the next section.

The choice of vacuum alignment of the flavon fields required to achieve the desired structures
of lepton mass matrices can be realised only when additional driving fields are incorporated
as discussed in [162] for usual three neutrino scenarios. For similar discussion in a 3 + 1
neutrino scenario, please refer to [150]. Since these driving fields do not affect the general
structure of the mass matrices, we have not incorporated them in the discussion above. The
non-trivial vacuum alignment of the ¢, ¢/, ¢N fields required to produce the specific structure
of the charged lepton mass matrix and the 4 x 4 block of the light neutrino mass matrix is
realised by introducing three additional driving fields. As shown in such works discussing
the vacuum alignment of A4 flavons, n; € (—1,0,1) corresponds to generic alignments
which can be naturally realised from the minimisation of the scalar potential (superpotential
in supersymmetric scenarios). For illustrative purposes, we show the scalar potential for
triplet flavons in Appendix B and minimise the parts for one triplet flavon. By solving the
minimisation equations, we get several minima which belong to the above mentioned general
class. Analysis of the full scalar potential is beyond the scope of the present work and
one can refer to dedicated studies of vacuum alignment in supersymmetric [163] as well
as non-supersymmetric A4 models [164]. It should be noted that additional driving fields
are needed sometimes to get the desired alignment and depending upon the combinations
of such driving fields, it may be possible to get vacuum alignment different from the above

mentioned class. However, we stick to the minimal class as mentioned above for our studies.
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4.3 Classification of Textures

We choose to work in the basis where the charged lepton mass matrix is diagonal. This
allows the leptonic mixing matrix to be directly related to the diagonalising matrix of the
light neutrino mass matrix. As discussed in the previous section, this corresponds to the VEV
of the flavon field ¢ to be (¢) = v(ny,nz,n3), with ny = 1, np = n3 = 0. In the most general
case of the vacuum alignments of the flavon fields ¢’ and ¢”, each of ng4,ns,ng,ny,ng,ng
can take 3 values, i.e. 0,1,—1. Therefore we have 3% = 729 possible cases of different
vacuum alignments, which will generate 729 different 4 x 4 neutrino mass matrices. These
729 vacuum alignments are presented in Appendix C and Appendix D. We also note that
many of the vacuum alignments give rise to light neutrino mass matrices having the same
set of constraints and hence predict same correlations among neutrino parameters. We point
out these alignments for the allowed cases (to be found in our numerical analysis below) in
Appendix E.

We first single out the disallowed textures based on the known results from previous analysis
[154-157, 147-149]. They are given as follows.

Disallowed cases:

1. Texture zero in entire second row and column. Total number of such textures is 71.
2. Texture zero in entire third row and column. Total number of such textures is 73.

3. Texture zero in entire second and third rows and columns. Total number of such

textures 1s 9.
4. u — 7 symmetry in the entire 4 x 4 block. Total number of such textures is 72.

Total no of such disallowed mass matrices is 225. While the first three categories are
inconsistent with the 3 + 1 global fit neutrino data (see for example, [165]), the last category
is ruled out as it gives rise to vanishing reactor mixing angle.

The textures which are not disallowed from the results of previous analysis can be
categorised spontaneous breaking of flavour symmetries as follows.

Allowed cases:

1. 4 — 7 symmetry in 3 x 3 active neutrino block. Total number of such textures is 40.
2. One zero texture mass matrix. Total number of such textures is 96.
3. Two zero texture mass matrix. Total number of such textures is 64.

4. Three zero texture mass matrix. Total number of such textures is 8.
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5. Hybrid texture mass matrix with no zeros but some constraints relating different

elements. Total number of such textures is 296.

Total number of such allowed mass matrices is 504. We further classify each of these allowed
categories into different sub-categories based on the the constraints relating different elements

of the light neutrino mass matrix.

4.3.1 Classification of Allowed Textures

(4 — ) symmetric textures

The 40 u — 7 symmetric textures can be classified into 4 sub-categories depending upon the
constraints that they satisfy. For representative purpose, we also mention one such VEV

alignment and the corresponding mass matrix.

(i) 16 matrices with 5 complex constraints:

Meu = O; M. = 0» M,uu = Mz, M/.m = —Mzz, Mus = —Mz;

oen=1;n=0n3=0n4 =1;n5=0;n=—1;n7=0;ng =1;n9 = —1;
2,2
H2yy? 0 0 uy/ T5=pyi
- T
H2 2< %+ %) H? 2( -“% >%>
B3 2223
0 TR _ o 4 _ sz2 Yava _ uysys
A A2 T vl

H 2( 3 >%> H2v2<)2+‘3>
0 T T o\ ) _ . [H®? yzy4 4 W3ys
A2 A A2

VA3

u ﬂPyl 2,2 , 2.2 252 2 22
_ A2 _ H v Yoy4 _ uy3ys _[HAv [ yaya + uy3ys _upT  vyy Wi
A1 v A2 " vA3 vAq A vA3

(i1) 8 matrices with 3 complex constraints:

Meu = O; M. = 0» Muu =Mz

oen =1;n=0n=0n=1n5=0; ng=1,n=0;ng=1; ng = —1;
H2)2
. szy% 0 0 u A2 P
Azll Vﬂ.l
H22<i+>§> szz(ﬁ_ﬁ)
0 _ vl _ 2 v _ sz2 Yoya _ uysys
A2 A2 2 v
H2,2 B3 H2,2 ﬁJr 3
0 _ v _ R H2 2 y2y4 4 WsYs
A2 A2 s

H2,2 )
TPyt JH22 (yoya wysys\  _ JH2? ((yava 4 135 _'42P2 _owi w3
A A2 A VA3 A2 A vA3 vAi A VA3
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(ii1) 8 matrices with 3 complex constraints:
Me’u :M€T7 M'u’u :MTT7 MTT +M[JT :ZMBT
oen =1m=0;n3=0n=1,n5=0;,ng=—1;nr=1,ng=1;, ng =1;
27 2
2,2( 21 73
_H v <vll +vl3> _szy% _szy% H2? ((upy; + uysys
/\2 Azﬂg Azﬂg /\2 Vk] VZ,3
2,2 i+ﬁ H22_-"%+ﬁ
- szy% B Vi, Vig B 4 Vip T3 A (v + uy3ys
A3 A2 A? A2 X vA3
w3 e
 Hy3 v viy Va3 - Y\ iy s _ JH22 [ yoya 4+ W3y
A1 A2 A2 A2 o VA3
_[H%? (upy 4 Ways _JH%2 (yoya 4 H3ys _JH22 [ yoya 4 Wyays _ u’p? _ ﬂ _ %
Az Vﬂ,] V7L3 A2 lz Vﬂg A2 AQ V/13 V},] 1,2 V7L3
(iv) 8 matrices with 3 complex constraints:
Meu :M€T7 Muu :Mff, MTT +Mu1 = _2M€T
en =1n=0n=0n=1n5=0,ne=—1;ny=1,ng=—1; ng = —1;
27 2
H22 (2,23
B v <V;LI+M3 H2vy§ szyg ~[H%? (upy, i uy3ys
A2 A2)3 AZ)3 A2 VA vA3
H%? iJrﬁ H%? 7i+ y%
HZV)% -~ vAy T vAg _ vAy T vAg . H2\2 Yoya  Uy3ys
A213 A2 A2 V A2 12 Vl3
m (-2 w245
szy% B v Vin T i3 B v vip T3 H22 [ yoya  uyzys
A2 A? A? A? A VA3
_JH%? (upy, 4 W3Ys _[H®? (yaya _ uysys _JH2? [ yoya _ uysys _uPp? _wi Wy
A? vy vA3 A2 Py vA3 A? A vA3 VA A vA3

Texture 1 zero case

All 96 texture 1 zero cases can be classified into 12 categories depending upon constraints

satisfied by them. For representative purpose, we also mention one such VEV alignment and

the corresponding mass matrix.

(1) 8 matrices with 3 complex constraints:

Meu = O, Muu = _Mun M,r +Mur =—Mz¢
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e = 1I’l% = 9;113 = 0;n4 = 0;n5 = 1;116 = —1;]’17 = O;ng = 1'n9 = —1;
H2? +22
B vll v 0 H?vy3 _JHX? (upyi | yoya
A2 A2, v A2
2.2
0 _szy% szyg u H 3 V3Ys
A2)3 Azl v7L3
0 2( i )
H2vy3 H?vy3 v _ L JHY? ey s
Azlz AZA@ A2 A2 Vl3
H2)2
H22 [ upy; + Vova U\ =2 Y3)s H22 [ yoya + uy3ys _u2p2 B % B uzyg
A2 A A vA3 Az " V3.3 v A VA3
(i1) 8 matrices with 3 complex constraints:

M,r = Ov Mz = _Mm:, Me/,L ‘|‘Mur - _Muu

on = 1'n22: 0i3=0in4 = Lins = 0:ng = —Lin7 = Ling = Oymg = —1;
H22( 21423
B <w11 vis Hvy3 0 _ [H%? (upy 4 W3s
— N AZ \ vy VA3
2.2 y% y%
Hv +
H2vy? B <v12 V’L3> H?vy3 _[HX2 (yoya _ uysys
N A2 20, 2 P VA3
22
0 How? Hovy2 B3 yays
Azlz Azlz 2'2
H2y2 2.2 2 2.2
2 (e wysJHA? (vava oy Az Y24 _wpT Wi W5
A2 VA VA3 A2 A VA3 A VA Ao VA3

(i11) 8 matrices with 3 complex constraints:

Meu =0, Muu - Mur> Mr +Mm: =Mz,

e/ = 1’1’12 ZO' njs 20;1’14 20;1’15 =1; ng = 1;1’17 20;1’18 =1, ng = 1;
232
2.2
H*y (vll+vlz>

_ 0 _Hvy _[HX? (upy1 +y2y4
A2 AZAQ Vll
0 szyg szy% u H v y3)s
Azlg. A2213 ) Vl3
2,2( 22,23
Hvy3 Hvy3 HV (”12+V’13> H2 2 ST
o Azﬁ,z B A2;1,3 B /\2 + VA 3
u H2V2 N 22 2
H2 2 (upyy 4 Yoy _ Az 035 sz2 y2y4 4 W3ys _uwp” Wy _” s
VAL A vA3 Vs v A vA3
(iv) 8 matrices with 3 complex constraints.

Meu =0, Muu - _Mur; Mr _M/JT =Mz,
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Data
e = 1;n2 =0;n3=0n4 =0;n5=1; ng = 1;n7=0;ng =1, ng = —1;
2
H2v2( + )
v V}»z O o szy% _ H?*)? upyi + Yoy4
A2 /\22,2 Vﬂvl 2’2
H 2
0 _szy§ szy% u sz Y3)s
A27Lg A22é3 N Vﬁ,3
- - H2? y—2+y—3)
_H vy5 H vy3 o vhy T i3 H?y? y2y4 + uy3ys
AL, A3 A2 A2 VA3
u H2,2 2.2 2
H2v2 upyi + YVoy4 A2 Y3)s o H?y2 y2y4 + uysys _wpr Wi ? y5
Vll 2,2 VA3 A2 v2,3 Vﬁ,l 2,2 vzg
(v) 8 matrlces with 3 complex constraints:

(vi) 8

Meu - 0, Muu :MH’Ca M,r _M/,Lr = —M¢;

oen =1;n=0n=0n=0n5=1;,ng=—1;n7=0;ng=1; ng =1;
2 2
H? 2( +’—2>
Vir T, 0 H?vy} H2? (upyr | yzy4
A2 /\2).2 A2 Vll
2,2
0 _HM _HM) ) L5 v3s
AN, A vA3
H2 2 < + )
H?vy3 _Hvy vl Tk _[H®? y2y4 4 W3ys
AZ)Q AZ)@ A? A2 Vlz
uyHE2 2.2 2 2.2
H22 (upyy o oyoys BV a2 JH22 (0 yova | upsys _wpt Wi W5
A2 vAi A vA3 A2 o vA3 VA A vA3
matrices with 3 complex constraints:

Moz =0, M= M,LL‘L'7 Meu +Mur = Muu

e/ = 1'1’12 :0; nj3 :0;1’14 = 1;1’15 :0; neg = 1;1’17 = 1;1’18 =0; ng = 1;
2 2
H2 2( +y—3)
B AL s _ HAy3 0 _[H%? (upy 4 W3Ys
A2 A223 A2\ vA vA3
2 2
H2V2< 2 + 3 )
_HM _ vig Vi3 _ Hhvys sz2 yzy4 4ways
A2 A2 A2)y A3
2
0 _szy% _szy% H 7 Yav4
AZAQ Azlz A'Z
H2.2
H2 2 (upy1 4 wsys H%)? y2y4 Lowas) A Y2 _p? wi ws
Vﬁ,l VA3 AT vA3 A vAq A VA3
(vii) 7 matrices with 3 complex constralnts.

M, = 07 Mz = M,ur, Me,u _Mur = _Mu,u
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o = 1'I’l2 :0; n3 :O;I’l4 = 1;n5 :0; neg = 1;n7 = l;l’lg =0; ng =

—1;

2.2 y% Y%
H o I
B (ml +w13) H?vy} 0 H?v? (upy 4 Ways
A2 A3 A2 vAi vA3
2 2
B2 2( _,_—"73)
H2vy2 B RE _Hvy3 H22 (yaya  uysys
Az/lg AZ AZAQ A2 212 Vl3
2,2
0 szy% szy% H 3-V2ya
A2y A2 lz
22
2R (uevr wavs ) JHA2 (yaye wvays) AT Y24 _@pr _wi )
VAL vA3 A2 P vA3 A vAi A VA3
(viii) 8 matrices with 3 complex constraints:
Mer =0, Myr=—Myr, Moy —Myr=Myy
e = 1’1’12 =0; n3 = 0;1’14 = 1;1’15 =0; ng = —1;I’l7 = 1;ng =0; ng = 1;
2 2
H2?( JL4+2%
B (Ml Vi3 H*vy} 0 _[H%? (upy 4 W3)s
A2 A2 A2\ vy VA3
H2,2 o 423
HPw} B vip Vi3 H?vy3 B H2v2 y2y4 4+ s
A2213 A2 Azlz VA 3
0 HQVy% _szy% A2 YZ)’4
A22, A22, A2
H2)2 2 2 2 2.2
sz2 upyr | Mysys sz2 y2y4 + My3y5 AZ_Y2Y4 _wpt Wy WYs
vll VA 3 VA 3 12 v?Ll 2,2 Vlj;
(ix) 8 matrlces with 3 complex constralnts.
Mur = O; Meu = _Muua Moz = —Meq
en; =1;n,=0; n3 O;ng =1;ns = —1;n6 =0;n7 = 1;ng = —1;n9 =0;
2
H2,2 ‘3
_ (Ml +‘%2 43 Hvy3 Hvy3 H2 2 (upy, y2Y4 4 Ways
A2 Azﬁ.z AZAG Vll Vk3
2
szy% _szy% 0 . HAQV Y2Y4
Azﬁ.z Azlz 12
H2,2
szy% 0 _szy§ u AE Y3Ys
AN, A5 VA3
H2)2 H2\2
_JHX? [upy y2y4 + My3y5 A2 Y24 My T YEYs wp? _wi 12y3
VAL A3 A vA3 VAL A VA3
(x) 8 matrices w1th 3 complex constraints:
Muc =0, My =Myy, Mec=Mz:
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Data
N = 1'1’l2 :0' I’l3 :O;I’l4 :O;n5 =1; neg = 1;117 = l'ng =0 ng = 1
2 2
o [ DRy SR 8
- i s _ HAvy3 _ Hvyj H2? (upyy + y2y4 uy3ys
A2 Azlj, Azlz Vl] V}L3
_ Hwj _ Hwj 0 /5 vy
A2)3 A2)3 VA3
2,2
_szy% 0 _szy% HAE Y2Y4
Azlz Azlz )'2
[-1 2 2
_ L JHEA (e vave | ways T35 AL Y24 _wpd v Wy
vAi A : vl3 A VA A vA3
(x1) 9 matrices with 3 complex constraints:
M‘u'L'ZO7 Me‘u :_Mu”, MET:MTT
oeny=liny = 0 3 = O;ny =0;n5 =1; ng=1;n7=1;n§ =0; ng = —1;
2
H2y 2( +2 ‘3 )
VA M2 Tl H%vy3 _ HAw3 H2 2 (upy: + g yzy4 4 ways
A2 Azﬂg AZAQ Vll Vk3
szy% _szyg 0 u HA; Y3)s
A A A A VA3
2
_szy% 0 szy% HAE Y2y4
Azkz Azlz 2'2
Hz 032
2 (e o s wy T Yays o Tyr v T S
VAL vA3 vl3 A VAL A VA3
(xii) 8 matrices with 3 complex constraints:
Mur =0, Meu = Muu; Moz = —Mee
on; =1:m _O e =0;ny=0;n5=1;, ng=—1;n7=1;,n3=0; ng =1;
2
H? 2( +o ot )
v VAQ Vi3 _ Hw} H?vy3 H2? (upyy + yzy4 + uyays
A2 A3 A2, Vll
_ Hhy3 _ HAwy3 0 uy/ 5 yays
AZ)3 A2)3 VA3
H2,2
szy% 0 _szy% A; Y2y4
AZLy ALy A2
u H2y2 \/H2v2 ) 2 2.2
o JHRE ey voys owysys ) IV A2 3)5 AL 24 _wpT Wy W5
Vﬂ.l 12 V/13 V}.3 2«2 VA«I 2'2 Vl3

Texture 2 zero case

All 64 texture 2 zero cases can be classified into following categories. For representative

purpose, we also mention one such VEV alignment and the corresponding mass matrix
(i) 8 matrices with 3 complex constraints:

ME‘LL :0, MeTZO, Muu :M[JT
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onl—lnz—O;n3:O;n4:O;n5:0;n6:1'n7—0ng—l l’l9—1
272
_szy% 0 0 u HA; 1
Azll VA
H2vy? H2 ur/ B2 yays
0 _Hvy; vy3 "
A213 VA3
= 2( )
2.2
0 _ Hwy3 V% _ . JHA? yzy4 + s
A3 A2 vA3
u 2 py L= 2.2 2 2.2
o A2 P A2 23S H22 y2y4+uy3y5 _utpT vyy  uys
AL VA3 vAL A VA3
(i1) 8 matrices with 3 complex constraints
Me’u_ — (:)7 MET — 0’ Mu” — _M,U.T
en =1;n=0;n3=0,ns=0;n5=0; ng=1;,n7=0;ng =1; ng = —1;
22
_szy% 0 0 u sz Py
A21| V;L]
2.2 2.2 H2y?
0 _H vy3 H vy3 u A2 y3)s
A2 A3 v
H22 <ﬁ+ﬁ)
0 H?vy} B vhy VA3 H2 2 y2y4 + s
A2 )3 A2 VA3
} 2V2p e - 5
. A2 P Az 35 JH22 vy, 4 W3)s _uPp? wi Wi
Vﬂ,] Vlg, A2 lz Vﬂ,_?, Vﬂ,] 12 Vl3
(ii1) 8 matrices with 3 complex constraints
MeT - 0, MI'LT - ()7 Me” == _M‘uﬂ
en =1;n=0;,n3=0,ns=0;,n5=0; ng=1;,n7=1,ng =0; ng = —1;
72 2( el )
B v v7L3 szy§ 0 . H2v2 [ upy + uy3ys
A2 A213 A2 V;L] VA.3
272
H%y% _szy% 0 u Hsz Yy3)s
A2 A5 A3 Vl3
2.2
0 0 szy% . A; Y2y4
A2y A
72 2.2
_ o JHRR (ueyr | wsys A2 V35 A2 Y24 _wp?_wi W
A2 vAi VA3 VA3 A VA1 A VA3

(iv) 8 matrices with 3 complex constraints
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Data

MET :O, M“f :O, Me“ :Mu'u
oen=1nm=0;n3=0n3=0;,n5=0; ng=1,n7=1,ng=0; ng =1;

2.2 y% Y%
H2?( L4
_ (Ml va3 ) _ H? vy_% 0 _JHX? (upyr | uysys
A2 A3 A2\ vA vA3
2.2
. szy§ . H2vy§ 0 u HAE Y3Ys
A2 X3 A2 )3 vA3
72,2
0 0 Hvy3 a2
A2, A
22 22
o JH22 ey wys) ! ATYs /T Vv _w?p? i )
A2 v VA3 VA3 A A1 A VA3

(v) 8 matrices with 3 complex constraints:
Me/J, =0, Mur =0, My =Mz

en =1;np=0; n3=0;n4 =0;n5=1; ng

H2,2 7 + 3
vA T vAy

=1;n7 =0;n8 =0; ng = —1;

0 _Hvy _ o JH22 (upyy | yovs
A2 A2, Az \ VA A
22
0 H2vy2 0 uy) 53y
Azk?, V;L3
22
2,02 2.2 H<y
__ Hovyy 0 __Hovy; AR
AL, A2)y A
022 202 5 -
_ . JH*? (upy 4 Yo Y AT Y e S e
A2 VA A VA3 A vA1 A VA3

(vi) 8 matrices with 3 complex constraints:

Meu = 07 Mur = O, Moz = —Myq

oen =1n=0,n=0n=0n5=1;, ng=—1;n7=0;ng =0; ng = 1;
2 2
H22 (2L
_ (Ml 4 0 H’vy) _JH%2 (upyi | yaya
A2 Azlz A2 vA A
2.2
0 H2vy? 0 ) T5=y3ys
Azlg, Vﬂg
22
szy% 0 _szy% Hsz Y2y4
A2, A2, A
2.2 72,2
HA2 (upyy | yoys) MRS Vs p? wi wd
A2 v?L] 12 Vlg, 12 v/ll lz V)L3

(vii) 9 matrices with 3 complex constraints:
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Meu =0, M, =0,

en =1;np=0; n3=0;n4 =1;n5=0; ng =0;

Mur =Mz

ny=0;ng=1; ng =1;

22
B szy% 0 0 _ M
AZ}LI VA]
2 2( 3 A )
Hve | =+
O _& _szy% _ H?y2 Yay4 + uysys
A2 AZ)3 A? Ay vy
2,2
0 _Hw} _ Hvy3 ! s
223 A3 vA3
o) H2,2
A Ve S0 L U ER 6 eV S Ve N L S
v A2 A VA3 vA3 vh A2 vs
(viii) 7 matrices with 3 complex constraints:
MelJ =0, M =0, MHT = —Mz:
eny = 1;np=0; n3=0;n4 = 15n5 =0; ng =0;n7 =0;ng = —1; ng = 1;
H2\2
AL vh
2 2( 3 A )
Hove | =42
0 & H2vy§ _ JH™? (yoy4 + uysys
A2 A2)s A2\ A& vA3
2,2
0 H?vy3 _ Hvy3 uy s
A2 A3 vA3
H2,2 a2y
MW T2 (v ws A2 735 _wep?_wmi w3
—vll A2 A vA3 VA3

Texture 3 zero case

All 8 texture 3 zero cases can be classified into the following category. For representative

purpose, we mention the VEV alignment and the corresponding mass matrix.

(i) 8 matrices with 3 complex constraints:

Meu =0, M, =0,

MMT:O

oen =1;n=0;,n3=0,ns =0;n5=0; ng=1;,n7 =0;ng =0; vg = —1;
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22
_szy% 0 0 U Aﬁ Py1
A2M vA|
2,2
0 H2vy§ 0 u HAE Y3)s
AZAg V).3
722
0 0 _szy% . Aﬁ Y2y4
A2 A
2,2 2,2 2,2
Cuy ey vays e 202 w2 WA
Al VA3 A Al A VA3

Hybrid texture case

All 296 hybrid textures can be classified into following categories depending upon constraints
satisfied by them.

(1) 12 matrices with 6 complex constraints:

Meu =M.z, Muu =Mzr, Moz =Mz, Meu = Mur’
Meu + M, = M,uu +M/J”L'7 Mus = —Mz;

(i1) 6 matrices with 6 complex constraints:

Meu =Mz, Muu =Mz, M :Mur 5 Meu =Mz,
Meu + M. = M,U/.L +M/.LT7 M,us = —Mq

(iii) 6 matrices with 6 complex constraints:

Meu = —M,r, M[i[J =Mz, Mt :Mm:, Meu :M/,L/,L,
Meu + M. = M,uu +Mur, Mus = —Mq

(iv) 8 matrices with 3 complex constraints:
Mep = Mer,  Mpp =Myz,  Mey = Myz
(v) 8 matrices with 4 complex constraints:
Meu = M,ur, M, :Muu» Meu =Mz, Muu =Mz
(vi) 8 matrices with 3 complex constraints:
Meu = —M,x, Meu - Muu’ Mz = Mur
(vii) 8 matrices with 4 complex constraints:
Moy =Mer,  Mpp =Mpz,  Mey = —Myz,  Mey = —Myy

(viii) 8 matrices with 3 complex constraints:
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Muu - M/J’L" Meu = Mur, Moz =My
(ix) 8 matrices with 3 complex constraints:

Meu = Mu‘c’ Me/,L = _Muu, Moz = Mzt
(x) 8 matrices with 3 complex constraints:

Meu - Muu’ Meu - _Mur Meu + M. = Mur + My
(xi) 8 matrices with 3 complex constraints:
Mup =Muz, Mey =—Myuy . Mer+Myuy = Mey +Mre
(xi1) 7 matrices with 2 complex constraints:
Mey =Myup, Mey =Myt
(xiii) 8 matrices with 3 complex constraints:
Mupy —Mer =Myr+Mer, My =—Mpz, Mey = Myc

(xiv) 8 matrices with 3 complex constraints:

Meu = Muu’ Meu = _M/.LT’ Moz = —Myq
(xv) 8 matrices with 3 complex constraints:

My =Myz,  Mey = —Myy, Mz = —Meq
(xvi) 8 matrices with 3 complex constraints:
Meu =Mer, Mpr = Mur» Moz = Mzt

(xvii) 8 matrices with 3 complex constraints:

Meu :M[.l’L" Moz = Mo, Meu — et
(xviil) 8 matrices with 4 complex constraints:

Meu =Mz, Meu = _Mm:, Mur = —Mq, Me,u =Mz

(xix) 8 matrices with 3 complex constraints:

Meu = M,x, Mm: =Mz, Meu - _Mur

(xx) 16 matrices with 3 complex constraints:
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Moy = —Mer, Myy =My, 2Mpy +Myy —My: =0

(xx1) 16 matrices with 4 complex constraints:
Moy = —Mee, Myy =My, Mys=-—Myg, Myr=—M¢;
(xxii) 8 matrices with 4 complex constraints:
Mey = —Muy, Mex =Mue, Mex =My, Moy —Myy +Mer +Myr —2Mr =0
(xxii1) 8 matrices with 3 complex constraints:
Mot =Mzz, Mer=—Myz, Moy —Myy —2My; =0
(xxiv) 8 matrices with 3 complex constraints:
Mey =Mpuy ,  Mex = —Mro, Mer =Mz
(xxv) 8 matrices with 3 complex constraints:
Mep =Myy,  Mpy = Mo,  Mer = Myq

(xxvi) 8 matrices with 3 complex constraints:

Mer = =Mz, Mer=—Myc, Moy —Myy —2Mer =0
(xxvii) 3 matrices with 3 complex constraints:

Mot =Mz, Mo =My, Moy —Myy+Myc+Miz =0

(xxviii) 1 matrix with 5 complex constraints:

Moy = Mz, Muu =M;.,
Mus = —Mz,, Meu :M[i[.la Meu +Muu =M, +Mur

(xxix) 2 matrices with 3 complex constraints:

M,r = M,ur, Mur = —Mz, Me[.i +Mup —2Mez =0
(xxx) 6 matrices with 3 complex constraints:

M,r = M/J”L'a Mer = —M:, Meu ‘|‘Muu —2M7; =0
(xxx1) 5 matrices with 3 complex constraints:

M. = Myr s Moz =My, Meu ‘|’Muu —2M,; =0
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(xxxii) 8 matrices with 3 complex constraints:
M. = _Mur’ Moz = Mee, Meu +Muu =0
(xxxiii) 7 matrices with 3 complex constraints:
Moz = Mz, M[.L[.L = Mz, Me,u :M/,w
(xxxiv) 4 matrices with 5 complex constraints:
Moy =Myy, Moz =My, Moy =Mrr, Myug+Meg=0, Mer+My, =0
(xxxv) 8 matrices with 4 complex constraints:
Myy =Mz, Moy +Myur=0, Myy+Meye=0, My+M=0
(xxxvi) 4 matrices with 4 complex constraints:
Myy =Mz, Moy =Mz, Mer=Myy, My +Me=0

(xxxvii) 8 matrices with 4 complex constraints:

M/,L,u =Mz, Mus +M =0,
Mu/,t = _Mur s Meu +Muu =Mrr — M,

(xxxviii) 8 matrices with 3 complex constraints:
Muu =Mz, M= _Mm: 5 Meu =Mz,
(xxxix) 8 matrices with 3 complex constraints:
Moz = —Mer, Mo = _Mur 5 Meu ‘|‘Muu =0
(xxxx) 1 matrix with 3 complex constraints:

Muu :M[.L’l" Meu = Mu’c . Mg _Mu,u :Mu’c — My
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Data
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0.26
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0.0

Sina

05

Fig. 4.1 Neutrino oscillation parameters in active-sterile sector for case (ii) from u — 7
symmetric category for NH.

4.4 Numerical analysis

In this section, we present the method adopted for numerical analysis for (¢ — 7) symmetric
textures, texture 1, texture 2 and texture 3 zero cases, in order to check their consistency with

3+ 1 neutrino data. It is well known that 4 X 4 unitary mixing matrix can be parametrised as
[159]

U = R34Ro4R14R23R 3R 2P (4.20)
where
1 0 O 0
0 1 0 0
R3y = “4.21)
0 0 c3¢ s34
0 0 —s33 c34
Cl4 0 0 s14e*"5‘4
- 0 1 0 0
Ris = 4.22
14 0 01 0 (4.22)
—sl4ei514 0 0 Cl4

with ¢;j = cos 6;, s;; = sin6;; , §;; being the Dirac CP phases, and
P = diag(1,e %, e i(5=81) =ih=31))

is the diagonal phase matrix containing the three Majorana phases «, 3, v. In this parametri-
sation, the six CP phases vary from —7x to 7. Using the above form of mixing matrix, the
4 x 4 complex symmetric Majorana light neutrino mass matrix can be written as

M, = UMIeyT (4.23)
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Fig. 4.2 Neutrino oscillation parameters
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Fig. 4.3 Neutrino oscillation parameters in active-sterile sector for case (iv) from y — 7
symmetric category for NH
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zero category for NH.
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Fig. 4.5 Neutrino oscillation parameters in active-sterile sector for case (x) from texture 1
zero category for NH.
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Fig. 4.6 Neutrino oscillation parameters in active-sterile sector for case (i) from texture 2
zero category for NH.



4.4 Numerical analysis 79

SinBz4

SinBz4
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where M3“¢ — diag(my,my,m3,ms) is the diagonal light neutrino mass matrix. For normal
hierarchy (NH) of active neutrinos i.e., m4 > m3 > my > mq, the neutrino mass eigenvalues
can be written in terms of the lightest neutrino mass m; as

my = ,/m%—FAm%], ms = @/m%—FAm%l, my = m%—i—Am?H.

Similarly for inverted hierarchy (IH) of active neutrinos i.e., myq > my > m; > m3, the neu-
trino mass eigenvalues can be written in terms of the lightest neutrino mass m3 as

— 2 _ 2 2 — 2 2 — /2 2

Using these, one can analytically write down the 4 x 4 light neutrino mass matrix in terms of

three mass squared differences, lightest neutrino mass m| (m3), six mixing angles i.e., 63,
012, 023, 14, 624, B34, three Dirac type CP phases i.e., 013, 814, 024 and three Majorana type
CP phases i.e., a, 3, y. The analytical expressions of the 4 x 4 light neutrino mass matrix

elements are given in Appendix F.

For each class of neutrino mass matrix with textures that we analyse, there exists several
constraints relating the mass matrix elements or equating some of them to zero. Since the
mass matrix is complex symmetric, each such constraint gives rise to two real equations
that can be solved for two unknown parameters. Depending upon the number of constraints,
we choose the set of input parameters and solve for the remaining ones. We have varied
our input parameters for the usual three neutrino part in the 3¢ allowed range as given in
the global analysis of the world neutrino data [109, 166, 167] and varied Am%SND from 0.7
eV? t0 2.5 eV2. If the output of 614, 64 and 634 falls between 0° to 20°, 0° to 11.5° and 0°
to 30° respectively [118, 168, 169] with the condition m;(m3) = 0 (as the model predicts
vanishing lightest neutrino mass), then we say this texture is allowed in NH (IH). Note that
according to the global analysis of the short-baseline data [118] we have 6° < 614 < 20° and
3% < 64 < 11.5° at 30. However the Refs. [168, 169], give only an upper limit on 614 and
6,4 as they analyse stand-alone data. Thus for a conservative approach, in our analysis we
have taken the upper limits of 814 and 0,4 from the global analysis and allowed them to have
lower limits as zero.
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4.5 Results and Discussion

Adopting the classifications of different textures in 4 x 4 mass matrix not ruled out from pre-
vious studies and the method of numerical analysis discussed in the previous section we have
analysed all possible mass matrices either with texture zeros or with g — 7 symmetry in the
3 x 3 block. Here we show some of the numerical results we have obtained for those textures

which are found to be allowed in our analysis after taking into account the 3 + 1 neutrino data.

We first show the results for 4 — 7 symmetric textures. Out of four different classes belonging
to this type of texture we found three of them to be allowed for NH of active neutrino masses.
They are namely, the subclasses (ii), (iii), (iv) of 4 — T symmetric textures discussed earlier.
It is not surprising that the texture subclass (i) is not allowed due to too many constraints (5
complex and hence 10 real constraint equations) it has, which become difficult to be satisfied
simultaneously while keeping all neutrino parameters in allowed range. For IH of active
neutrino masses, none of these textures are allowed. We show some correlation plots between
neutrino parameters for 4 — T symmetric subclasses (ii), (iii), (iv) with NH in Fig 4.1, 4.2, 4.3
respectively. Fig 4.1 shows the correlations between active-sterile mixing angles 634 — 014
and between Majorana CP phases o — ¥ after the constraint equations corresponding to 4 — 7
symmetric subclass (ii) were solved for 1 million random points. The resulting acceptable
number of solutions is only a handful, as can be seen from the plots. The same trend is
repeated for the other two subclasses (iii), (iv) as well, the correlations for which are shown

in Fig 4.2, 4.3 respectively.

Among the one zero texture category, only two subclasses namely (ix), (x) with NH are al-
lowed. The subclass (ix) has three complex constraints My ; =0, M., = —My,Mor = —Mz
which indeed give rise to six real equations. These six real equations are solved simultane-
ously for six unknown parameters: three active-sterile mixing angles (04, 624, 634) and three
CP violating Majorana phases (¢, 3, 7). We took the lightest neutrino mass Myightest = M 1O
be zero as before and varied the three active neutrino mixing angles (0, 63,

0,3), three mass squared differences (Am%1 ; Am% 1> Amil) and three Dirac CP violating phases
(813, 014, 624) in their respective 30 global fit ranges. The solution of the six real equations
obtained like this give rise to a few correlation plots which are shown in Fig 4.4. Now, for
the subclass (x) under texture 1 zero category, we again have three complex constraints
My =0,My, =My, M.: = Mr; which give rise to six real equation s. The corresponding
correlation plots obtained from the solutions of these equations are shown in Fig 4.5.
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Similar numerical analysis was done for two zero and three zero texture subclasses as well.
Among the two zero texture subclasses only two namely, (i), (ii)) with NH were found to
be allowed. The subclass (i) has three complex constraints M,y = 0,Mer = 0,My, = My¢
while subclass (ii) has M,y =0 M, =0 My, = —My;. The correlations corresponding
to the solutions for subclass (1), (i1) are shown in Fig 4.6, 4.7 respectively. Similarly, the three
zero texture has the three complex constraint equations M,y = 0,M,; = 0,My = 0 and the
corresponding correlations are shown in Fig 4.8. As can be seen from these plots, we get
more allowed solutions for two zero and three zero texture cases out of one million iterations

compared to what we had obtained for y — 7 symmetric and one zero texture cases.

4.6 Summary

To summarise, we have studied the viability of different possible textures in light neutrino
mass matrix within the framework of 3 4- 1 light neutrino scenario by considering a A4 flavour

symmetric minimal extended seesaw mechanism.

While the minimal extended seesaw mechanism naturally explains 3 + 1 light neutrino sce-
nario in an economical way predicting the lightest neutrino to be massless, presence of the
A4 flavour symmetry dictates the flavour structure of the 4 x 4 light neutrino mass matrix. In
addition to that, an additional discrete symmetry Z, is also chosen in order to forbid certain
unwanted terms from the Lagrangian. Considering generic A4 flavon alignments where
a triplet flavon acquires VEV like (¢) = v(ny,na,n3),n; € (—1,0,1), we first consider all
possible combinations of such alignments and find the analytical form of the light neutrino
mass matrix for each such case. For two triplet flavons taking part in generating the light
neutrino mass matrix, while the other triplet alignment is kept fixed for diagonal charged
lepton mass matrix, we get 1 x 27 x 27 = 729 possible cases. Based on previous studies
on 3 4 1 neutrino textures, we first point out the disallowed textures out of these 729 mass
matrices and discarded these 225 mass matrices from our analysis. From the remaining cases,
we classify 96 of them as one zero texture, 64 as two zero texture, 8 as three zero texture and
296 of them as hybrid textures (which do not contain any zeros). The remaining 40 mass
matrices correspond to an interesting category where the 3 x 3 active neutrino block of the
3+ 1 light neutrino mass matrix possess [ — T symmetry whereas the active-sterile block
breaks it explicitly.

We then analyse the mass matrices with texture zeros and (t — 7 symmetry by numerically

solving the constraint equations in each case and comparing the resulting solution with the
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3 4 1 neutrino data for consistency. Although there are large number of mass matrices for
each such cases, they belong to a smaller number of subclasses where each subclass is a
group of mass matrices giving rise to the same set of constraint equations. The number of
such subclasses is 4, 12, 8 and 1 for 4 — T symmetric, one zero, two zero and three zero
texture mass matrices respectively. We therefore numerically solved the constraint equations
for these 25 cases in total. We find that only 8 out of these 25 subclasses are allowed by the
3+ 1 global fit data and all of them have normal hierarchical pattern of light neutrino masses.
Out of these 8 allowed subclasses, 3 belong to the 1 — T symmetric category, 2 belong to
the one zero texture category, 2 belong to the two zero texture category and 1 belong to the
remaining three zero texture category. We also find interesting correlation plots between
different light neutrino parameters for each of these allowed subclasses. In some cases, we
find a more favoured region of parameter space (within 3 ¢ range only) in active sterile sector
with more density of points and hence more likely to be supported by the model. These
preferred regions are shown in the Table 4.2. We also show the summary of allowed and
disallowed cases in Table 4.3. Compared to the usual texture zero scenarios discussed in
previous works, the textures in the present scenario are more constrained due to additional
constraints apart from texture zero conditions or y — T symmetry alone and the requirement
of vanishing lightest neutrino mass. This is reflected in our results of getting only 8 out of 25
subclasses studied numerically. As we can see from the summary table, all the cases with
inverted hierarchy are disfavoured. The allowed cases, however do not prefer any specific
values of CP phases. We also find interesting correlations between 6,3 and active-sterile
mixing angles for the 4 — 7 symmetric case. As can be seen from Fig 4.3, maximal 6,3
seems to be disfavoured in this case. Also, lower octant values of 6,3 favour lower values of
mixing angle 6,4, while higher octant values of 6,3 favour large mixing angle 6,4. So octant
degeneracy of 6,3 present in long baseline neutrino experiments is found to be related to the
value of mixing in active sterile sector, (i.e. in mixing angle 6,4). On the other hand lower

octant of 6,3 seem to favour high values of mixing angle 04.

While the fate of an additional light neutrino having mass around the eV scale is yet to be
confirmed by other neutrino experiments, our analysis show how difficult it is to realise such
a scenario in the minimal extended seesaw if A4 flavour symmetry with generic vacuum
alignment is present. If the existence of such light sterile neutrino gets well established later,
the predictions for unknown neutrino parameters obtained in our analysis can be tested for
further scrutiny of the model, in a way similar to [170] where the possibility of probing

texture zeros in three neutrino scenarios at neutrino oscillation experiments was studied.
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Sl no. Case Parameter space Range of parameter
(914, 934) 0.06 < sin B4 < 0.15, 0.02 < sin B34 < 0.09.

U — T symmetry

. 63,64 higher octant of 6,3 is favoured for 0.02 < sin64 < 0.1
1. Fig 4.2 (case iii) 2923, 914; higher octant of 6,3 is favoured for 0.05 < sinf;4 < 0.2
(0.64 < sinBy3 < 0.68, 0.07 < sinBy4 < 0.11),
U — T symmetry (623, 624) (0.74 < sin B3 < 0.78, 0.09 < sin B4 < 0.19)
(Fig. 4.3) (case iv) (623,014) (0.64 < sinBy3 < 0.68, 0.15 < sin B4 < 0.2),
2. (0.74 < sinBr3 < 0.78,0.12 < sin B4 < 0.2)

(0.48 < sin B34 < 0.50, 0.04 < sin 6,4 < 0.05)
(0.13 < sin B3 < 0.145, 0.6 < sin 6,3 < 0.65)
(0.002 < sin B4 < 0.016,0.03 < sin B4 < 0.15)
sin 014 < 0.007 more favoured for sin 634 < 0.3
sin B14 < 0.015 more favoured for whole 30 range of sin 0,
(0.002 < sin 014 < 0.007 , 0.02 < sin B4 < 0.06
sin B4 < 0.014, sin 6,4 < 0.015)
sin 64 < 0.03 more favoured for whole 30 range of sin 6,3
sin 014 < 0.008 and 0.01 < sin 6,4 < 0.03
sin 6,4 < 0.03 more favoured for whole 3o range of sin 634
sin 014 < 0.008 more favoured for whole 30 range of sin 0y,
6. (634, 014) sin B4 < 0.008 more favoured for whole 30 range of sin 634

Table 4.2 Favoured region of parameter space for active sterile neutrino mixing (3 + 1)
neutrino parameters.

Texture 1 zero
(Fig. 4.4) (case ix)

Texture 2 zero
(Fig. 4.6) (case 1)

Texture 2 zero
(Fig. 4.7) (case ii)

Texture 3 zero
(Fig. 4.8)

Texture | Subclass | Normal Hierarchy | Inverted Hierarchy
1) X X
M= (i)
T (iii)
symmetric  (iv)
)
(i)
(iii)
(iv)
)
One (vi)
Zero (vii)
(viii)
(ix)
)
(xi)
(xii)
@
(i)
(iii)
Two @iv)
Zero (v)
(vi)
(vii)
(viii)
Three zero (i)
Table 4.3 Table showing allowed and disallowed texture subclasses which have been analysed

numerically. Here (/) indicates allowed cases and (x) indicates disallowed cases.
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Summary, Outlook and Future prospects

5.1 Summary

To summarise, in Chapter 1, we presented a brief review of historical background of neutrino
oscillation and various processes for detection, experimental status of neutrino oscillation

and neutrino cross section measurements etc.

In Chapter 2, we studied the importance of nuclear effects in neutrino nucleus interactions
at low three momentum transfer, in quasi-elastic regime (2 < E, < 6) GeV of neutrino
energies. Various nuclear effects include Fermi motion and binding energy, Pauli blocking,
random phase approximation (RPA), multi-nucleon effects, final state interaction (FSI) ef-
fect. This study was done with reference to the data taken by MINERVA experiment. We
calculated double differential cross section for carbon target for some interaction channels
like 2p2h/MEC and default process (QE). Since the theoretical results produced using the
event generator GENIE [39], are found to show some discrepancies with the data, we used
another neutrino event generator - GiBUU version 2016. We then compared our results with
the data and with those reported in [39]. We find that our results are in better agreement with
the MINERVA data.
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In Chapter 3, we calculated neutrino nucleon cross section both for charged current and
neutral current processes in ultra high energy regime in the energy range of 10°GeV < E, <
10'2GeV. We made use of double asymptotic limit of er P proton structure function of DIS
(e-p) scattering in order to calculate the total cross sections GSIS and 63’1\9 at UHE. Though
some softwares are available for calculation of neutrino scattering cross section, we made
our own computation program for this purpose. The dynamical pomeron-type behaviour
of er P gives rise to a Reggeon exchange-type behaviour of total neutrino cross-section in
UHE regime. Our results are in reasonably good agreement with other works available in

literature.

In Chapter 4, we studied the viability of different possible textures in light neutrino mass
matrix within the framework of 3 + 1 light neutrino scenario by considering a A4 flavour
symmetric minimal extended seesaw mechanism. We considered A4 flavon alignments where
a triplet flavon acquires VEV like (¢) = v(n;,n,n3),n; € (—1,0,1). We then considered all
possible combinations of such alignments and found the analytical form of the light neutrino
mass matrix for each such case. One of the triplet alignment is kept fixed while the other
two triplet flavons take part in generating the light neutrino mass matrix, as a result we get
1 x 27 x 27 = 729 possible cases. Out of the 729 cases, we discarded 225 mass matrices
from our analysis ( as they did not gave results within the global best fit values of the light
neutrino oscillation parameters), remaining cases were classified as - one zero, two zero,
three zero and hybrid textures i.e. total of 504 cases. In (3+1) neutrino scenario, texture zeros
were discussed in different contexts earlier using flavour symmetries, but in this thesis we
have shown that some of these textures can be realised (upto a few more constraints) just
from the general vacuum alignment of A4 triplet flavons. We then numerically analysed all
the textures belonging to (1 — 7) symmetric and texture 1, texture 2 and texture 3 zero cases
by taking into account latest (3+1) neutrino data. We presented our results as correlation
plots among the neutrino oscillation parameters for the allowed cases, within 30 range of
their global best fit values. We also performed same analysis for inverted hierarchy and found
that none of our textures are allowed for IH. These results can be tested in future, when more

data becomes available from sterile neutrino measurements.
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5.2 Outlook and Conclusions of the thesis

5.2.1 Main features of the thesis

1. In Chapter 2, we made use of double asymptotic limit of the proton structure function, to
estimate the neutrino-nucleon scattering cross section.

2. In Chapter 3, we used effects of nuclear environment, to study neutrino-carbon scattering
in quasi-elastic range, with reference to MINERVA data, using the event generator GiBUU.
3. In Chapter 4, we studied compatibility of 3+1 scenario of neutrinos, in presence of an eV
scale sterile neutrino, with A4 discrete flavour symmetry group, and general VEV alignments
of the triplet flavour field.

5.2.2 Highlights of the results

1. Chapter 2 - We presented predictions on v — N scattering cross section in UHE range, which
can be tested in future, when the data becomes available from the experiments worldwide (as
stated in Chapter 1).

2. Chapter 3 - From the analysis of results of Chapter 3, we can say that including the
nuclear effects (through GiBUU) improves agreement between our theoretical values and the
data (in low momentum transfer region) on double differential cross section of MINERVA
experiment, for neutrino scattering off Carbon target.

3. From the results presented in Chapter 4, we can pinpoint, which flavon VEV alignments
are more favourable to explain the data on light neutrino mass oscillation parameters, in
presence of an eV scale sterile neutrino (341 scenario), if A4 group is assumed to explain
the flavour structure of the fermions. This would help us gain a deeper understanding of the
flavour structure, and favourable VEV alignments of the flavon field.

5.2.3 Relevance

From the highlights of the results presented above, we conclude that all the results obtained
in this thesis are testable in future neutrino experiments. We addressed some important and
contemporary issues in neutrino physics in this thesis - to reduce uncertainties in v — N
scattering cross section in QE regime, prediction on these cross section in UHE regime, and
to build model for eV scale sterile neutrino in presence of discrete flavour symmetry. This
can further help us improve our understanding of nuclear effects in v — N scattering, which
in turn could be applied in future precision measurements of unknown neutrino oscillation

parameters, along with a better understanding of theories for existence of light sterile neutrino
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and flavour structure of fermions. The UHE v — N cross sections would help us gain insights
into nature of fundamental interactions at energy scales which otherwise cannot be reached

in terresterial experiments.

5.3 Future prospects

1. As future prospects of the work done in this thesis, we would like to continue work of
Chapter 3, on ultra high energy cross section calculation. Though we found that the overall
behaviour of our calculated VN cross sections both for CC and NC processes are similar
to the other works available in literature, our values are slightly smaller, in the low energy
range, while larger in the high energy range. With the use of screening corrections in the
evolution of proton structure function, these results can be improved.

Shadowing correction to the evolution of the singlet quark distribution [171] can be written

as
dxq(x,0%)  Ixq(x,0%) 27 o
oinQ>  dlnQ? |DGLAP_ To0 202 8 %), .1)
which can be written as
8F2<x7 QZ) an(x, Q2) 5 27(Xs2
oinQ*  9InQ? | pcLAp 18 R2Q2 [xg(x,0%)], (5.2)

where the first term is the standard DGLAP evolution equation and the value of R is the
correlation radius between two interacting gluons. Putting Eq (3.10) in Eq (5.2) we get

IF(x,0%)  10a, (1—x)?
dln@>  9m (1—1.5x)

1—1.5x 5 2702
( 2)___5
(1-x2) "’ 18 R2(?

G(2x G, 0P, (53
here g(x,Q>) is the quark density and g(x,Q,) is the gluon density distribution functions.
Here, the representation for the gluon distribution G(x, Q>) = xg(x,Q3) is used.

Integrating above Eq (5.3), we get

o [10a (1—x)? (1-15x) , 52702 : 5
/dFZ(xaQ )—/[ on (1_1'5)()(;(2?6 (=) 0 )_I_SRZ—QZ[G(X’QZ)] JdinQ".
(5.4)

Once the value of F>(x, Q%) is found out from above equation, the total v — N scattering cross
section can be calculated from Eq (3.13). We expect that inclusion of screening corrections
in proton structure function F;(x, Q%) will improve the results both for CC and NC process

v — N cross section.
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2. We also aim to continue our work on Chapter 2, where we would calculate double
differential cross section for neutrino carbon interaction using random phase approximation
(RPA) effects with 2p2h/ MEC process. Using such nuclear effects we expect that our double
differential cross section results would be in good agreement with the available MINERVA
experimental data. We would do such analysis using both the generators i.e. GENIE and
GiBUU.
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A4 product rules

Ay, the symmetry group of a tetrahedron, is a discrete non-abelian group of even permutations
of four objects. It has four irreducible representations: three one-dimensional and one three
dimensional which are denoted by 1,1’,1” and 3 respectively, being consistent with the sum

of square of the dimensions ) ; nl2 = 12. Their product rules are given as

1®1=1

1/®1/:1//
121" =1
1//®1//:1/

33=191a1"®3,53

where a and s in the subscript corresponds to anti-symmetric and symmetric parts respectively.
Denoting two triplets as (a;,by,c1) and (az,by, cy) respectively, their direct product can be
decomposed into the direct sum mentioned above as

1 ajas +bjcy+c1b;
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1"« cicy +arby +bra;
1" -~ bybs +cja, +ajcy
35 A (23132 — b1C2 — Clbz, 2(:1(32 — alb2 — blaz, 2b1b2 —aiCy — c1a2)

32 v (b1cz —c1bz,a1by —bjaz, cja; —ajcy)



Scalar Potential for Triplet Flavons ¢, ¢’ ¢”

The scalar potential for the most general case containing all the three triplet vevs,

¢, ¢' and ¢” can be written as
V=V(9)+V(¢)+ V(") + Vin
where
V() =—ni(0'0)+A1(970)?,
V(') =—13(9"9") +22(9"¢")?,
V(") =13 (0" ") +23(9"9"),
and the interaction among different triplet flavons are denoted as

Vine = (149"20" + ps¢ "> +h.c.) + A4(079) (67 0") + A5(979) (9" 9")+
26(9"9") (0" 9") + {A7(99 ) (9 ¢ ) +h.c.} (B.1)

Expanding the triplet flavons in terms of components

o= (¢17¢27¢3) ¢/ = (¢{7¢£7¢3/) q)” = (¢1”7¢£/7¢3”)



104 Scalar Potential for Triplet Flavons ¢, ¢’ ¢”

we can write their products according to the A4 product rules as

(691 = (6197 + $204 + $394)
(9'0')1 = (9101 + 9305+ 9563)
(99" )1r = (6304 + 0105 + 026(')
(¢'0")1r = (9505 + 0501 + ${94)
(00")3s = (2010 — 0205 — 9307, 20305 — 0107 — 0201, 20207 — 0105 — 939])
(0'9")3s = (20101 — 9205 — 9305, 20305 — ¢35 — 201, 26505 — $193 — $390()

(00")3 % (9'9")3 = (20191 — 6205 — 93¢7) x (20101 — 9293 — $36)+
(20393 — 9167 — 9201) x (20267 — 9193 — 9391)
+ (20205 — 90195 — $301) x (20305 — $163— 9207).  (B.2)

The other products can similarly be written in component forms. For an illustrative purpose,
we consider the minimisation of a single triplet flavon ¢’. The potential for this flavon in
component form can be written as

V(9') = —u3(0 6] + 057 03+ 05 03) + Aa[(017 0] + 05 04+ 857 05)% + (93 05+ 01 93+ 5 9))
X (05705 + 03 o1 + 61" 93) + (20170 — 05705 — 05 67)* +2(205 05 — 6, 93 — 957 1)
x (205703 — 01" 05— 03 01)] (B.3)

The minimisation conditions are given as

) ! ! ! 1o 1o 1o SNV 1o 1o

% = 301+ Aa[20," (01701 + 95195+ 03762) + 6, (97 02+ 9591 + 917 03)
1

+ 0, (05 05+ 07 03+ 03 00 + 40, (201701 — 01 95 — 07 93) — 29,

(20505 — 0170 — 057 0]) — 20,7 (205 05 — 01 0} — 9579])] =0 (B.4)

IV (¢9")
09,

— 1305+ 221205 (9] 0] + 03 0+ 05 05) + 0,7 (057 05 + 93 0] + 9/ %)

+ 0, (07 04+ 01 0+ 037 01) — 207 (201 o1 — 91 05 — 91 9) — 29,
(205705 — 01705 — 057 0)) + 49, (205 93 — ¢ 93— 95 9])] = 0 (B.5)
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IV (¢9")
29,

— 130, + 21120, (01701 + 01 05 + 017 65) + 057 (93 0+ 02 o1 + 91 9%

+ 01 (08 05+ 01T 03 + 04 01) — 20, (2011 67 — 917 04 — 017 85) + 49,
(205705 — 01705 — 057 01) — 20,7205 94 — 9 93— 95 9])] = 0 (B.6)

A few of the solutions we obtained from the above minimisation conditions are as follows.

D¢ —0,¢; —0,0; -0

2 0f 0,04+ — 05 W — = - B (01 -)

/ / i/ 13 / i/ 13 /
3)¢1%0’¢2%mm’¢3%_m\/@ = ¢' = f\//l_z(

/ VH VH Vi s 0 = VH
4)¢1—>_2\f / 7¢2 2\[ / 7¢3 2\@ /A«Z ¢ - \[\/_(1 1 1)

5) ¢] — — \/;_¢2%0¢3%0:>¢ %;_(100)

0,—1,1)







Vacuum alignment of flavon fields ¢’, ¢” of

allowed cases
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Table C.2 Texture one zero (contd).

Table C.1 Texture one zero.



Vacuum alignment of flavon fields ¢’, ¢” of allowed cases

108

(P”

(pl

’ Sl no. ‘

(PH

’ S1 no. \

Table C.4 Texture one zero.

Table C.3 Texture one zero (contd).
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Table C.6 Texture two zero.

Table C.5 Texture three zero.
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Table C.8 (1 — 7) symmetry (in 3 x 3
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Table C.7 Texture two zero (contd).
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Table C.10 Hybrid texture (contd).

Table C.9 Hybrid texture.
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Table C.12 Hybrid texture (contd).

Table C.11 Hybrid texture (contd).
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Table C.14 Hybrid texture (contd)

Table C.13 Hybrid texture (contd).
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Table C.16 Hybrid texture
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Table C.15 Hybrid texture (contd).



Vacuum alignment of ¢/, ¢ of disallowed

Cases

[Slno. | ¢ | ¢ | |Slno. | ¢ | ¢

1. (0,0,0) (0,0,0) 1. 0,1,—1) | (1,—1,0)
2. (0,0,0) (1,0,0) 2. (0,1,—-1) | (-1,1,0)
3. (0,0,0) | (—1,0,0) 3. (0,—1,1) | (1,—1,0)
4. (0,1,0) (0,0,0) 4. (0,—-1,1) | (-1,1,0)
5. (0,1,0) (1,0,0) 5. (0,0,0) (0,1,0)
6. (0,1,0) | (—1,0,0) 6. (0,0,0) (0,—1,0)
7. (0,—1,0) | (0,0,0) 7. (0,0,0) (1,—1,0)
8. (0,—1,0) | (1,0,0) 8. (0,0,0) (—1,1,0)
9. (0,—1,0) | (—1,0,0) 9. (0,0,0) | (—=1,—1,0)

Table D.1 Texture zero in the entire 10. (0,0,1) (0,0,0)

2nd and 3rd row and column of 4 x 4 Table D.2 Texture zero in the entire
matrix. 2nd row and column of 4 x 4 matrix.
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Vacuum alignment of ¢’, ¢” of disallowed cases

’ Sl no. ‘
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Table D.4 Texture zero in the entire
2nd row and column of 4 x 4 matrix .
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Table D.3 Texture zero in the entire
2nd row and column of 4 x 4 matrix.
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Table D.6 Texture zero in the entire
3rd row and column of 4 x 4 matrix.

Table D.5 Texture zero in the entire
3rd row and column of 4 x 4 matrix.
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Vacuum alignment of ¢’, ¢” of disallowed cases

¢N

’ SI no. \

¢//

¢

’ S1 no. ‘

Table D.8 (i — 7) symmetry in the

entire 4 x 4 matrix.

Table D.7 (1 — ) symmetry in the

entire 4 x 4 matrix.



Vacuum alignment for allowed cases

S1 no. VEV list Comment
1. (O 0,1), ¢ (O 0,1) 8 of such matrices

( ,0,1), ¢” ( —1)

= (0,0 ) (0 0 1)

- ( 707 ) ( )
'=(1,0,0), " = (0,1, )

= (1,0,0), 0" (0 —1,0)

¢’ (100)¢>” (0,1,0)

o' = (—1,0,0), =(0,—1,0)

Table E.1 VEV alignment of triplet flavon fields ¢’, ¢” for texture 3 zero symmetric case,
that give rise to same complex constraints.



Vacuum alignment for allowed cases

120

Comment
8 of such matrices

8 of such matrices

8 of such matrices

VEV list

W=l

e || e |

~

S T S S

S1 no.

Table E.2 VEV alignment of triplet flavon fields ¢’, ¢” for (1 — ) symmetric case, that give

rise to same complex constraints.
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Comment

VEV list

] SI no. \

8 of such matrices

8 of such matrices
Comment
8 of such matrices
8 of such matrices

1,—1,0)

(1,0,1)
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Table E.4 VEV alignment of triplet flavon fields ¢’, ¢” for texture 2 zero symmetric case,

Table E.3 VEV alignment of triplet flavon fields ¢’, ¢” for texture 1 zero symmetric case,
that give rise to same complex constraints.

that give rise to same complex constraints.
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Light neutrino mass matrix elements
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Light neutrino mass matrix elements
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