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Abstract

Neutrino physics offers us the scope to investigate the physics Beyond

Standard Model (BSM). The first and foremost signature of the non-zero
mass of neutrinos is given by the theory of neutrino oscillation which has
now been established by several pioneering experiments. Extensive studies
have been done to understand the phenomenon of neutrino oscillation. There
still lie unresolved issues in the domain of neutrino oscillation. In the current
thesis, we have addressed a few issues in the context of long-baseline (LBL)
neutrino oscillation experiments.
Various global analyses successfully establish the phenomenon of 3-neutrino
oscillation (electron, muon, and tau neutrino). However, a few short-baseline
anomalies (LSND and MiniBooNE) indicate the existence of a fourth sterile
neutrino (mass of the order of eV). Should the fourth neutrino exist in na-
ture, we have investigated how the oscillation parameters, specifically the CP
phases, can be bound in case of the ongoing and forthcoming LBL data from
DUNE, NOvA, T2K, and T2HK. We have also studied how the parameter
space of neutrino-less double-beta decay gets modified due to the inclusion
of the sterile neutrino in the oscillation picture. Next, we have focused on
one of the neutrino mass generation models, i.e., the left-right symmetric
model (LRSM). We have used published data from the ongoing experiments
NOvA and T2K to probe the LRSM parameter space in terms of the NSI
parameters and explore if we can put a constraint on the lowest neutrino
mass. The phenomenon of Lorentz invariance violation (LIV) has also been
studied in the context of upcoming LBL experiments P20 and DUNE. The
Planck suppressed effect of LIV can be demonstrated in the long-baseline
neutrino oscillation data, and that in turn can give us an idea of the bounds
on the relevant parameter space. We have done a chi-squared analysis to
study the LIV parameters. We have focused on the charged pion production
channel and studied how the precision of the measurement can be improved
for low-energy pions in MINERvVA experimental setups. We will discuss the
outcomes of thesis works based on the above proposals.
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Chapter 1

Introduction

1.1 History of neutrinos

In 1914, Chadwick demonstrated that the S-spectrum was continuous, in contrast to a-
and ~-rays which were unique in energy. This led to a doubt regarding the principle of
conservation of energy. Meitner later demonstrated that the missing energy could not
be ascribed to neutral -rays, which led to the idea that the missing energy could be
explained by the existence of a new particle. Also, in the case of beta decay the mass
number remains unchanged, so, the change in nuclear spin should have been integer.
But the electron is a spin-half particle and the question of unaccounted spin arise. In
order to propose a solution to the missing-energy problem and also as a remedy to the
problem of spin-statistics in $-decay, Wolfgang Pauli presented in his open letter, the
idea of the existence of a neutral weakly interacting fermion emitted in $-decay. Thus
the history of the neutrinos started with this famous letter by Pauli on 4th December,
1930 [1], addressed to "Dear Radioactive Ladies and Gentlemen”! The term neutrino was
coined later by Enrico Fermi [2]. Later Fermi expanded upon his idea to publish a famous
theory on [-decay [3,4], known as the Fermi theory. In the weak interaction according
to Fermi, neutrons decay to protons via a non-renormalizable four-fermion interaction,
n — p+ e~ + v where v is the electron antineutrino. Fermi’s theory predicts that the
inverse reaction p + 7 — n + e* occurs with the same interaction strength and it could
be used to observe neutrino scattering in real life. Fermi’s theory was later expanded by
Gamow and Teller in 1936 [5] to include axial-vector currents in a way that parity was still
conserved since the concept of parity violation was unthinkable at that time. It was later
realized that other couplings such as scalar, pseudoscalar, and tensor couplings could
also participate in weak interactions. After the discovery of muons, the observation of
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muon decay led Pontecorvo to propose in 1947 the universality of Fermi interactions of
electrons and muons [6].

Despite of the remarkable success of the Fermi Theory, the neutrino was yet to be ob-
served in experiments, partly due to the very weak strength of interactions as predicted
by Bethe and Peierls in1934 when they claimed that it might never be observed [7]. Urged,
in particular by Pontecorvo in the early 1950s, Reines and Cowan searched for a way to
measure inverse beta decay, in which an antineutrino can produce a positron. After con-
sidering several methods, including a nuclear explosion, they settled on using the large
flux of antineutrinos from a nuclear reactor and 10 tons of equipment, including 1400
litres of liquid scintillators. This experiment was the first reactor-neutrino experiment
and neutrino was observed in 1956 for the first time in history [8]. Reines was awarded
the Nobel prize in 1995 for this breakthrough.

In 1956, Lee and Yang interpreted the decays of two species of neutral kaons observed
in experiments at BNL as a breakdown of the law of parity (P) conservation (invariance
under spatial inversion) [9]. Shortly thereafter, C. S. Wu and colleagues carried out an
experiment on the radioactive beta decays of polarized *°Co that confirmed parity vi-
olation [10]. This further complicated the situation because parity-violating couplings
were now allowed in weak lagrangian. This was immensely simplified in the form of
V-A theory, put forward by Feynman & Gell-Mann [11]; Sudarshan & Marshak [12];
and Sakurai [13]. This could easily be incorporated into the lepton sector by using the
two-component theory of a massless neutrino, proposed in 1957 by Landau [14], Lee
and Yang [15] and Salam [16]. In this theory, neutrinos are left-handed and antineutri-
nos are right-handed, leading automatically to the V-A couplings. In 1958, Goldhaber,
Grodzins and Sunyar [17] measured the polarization of a neutrino in the electron cap-
ture e- + 2Fu — 2Sm* + v, and found that the polarization of v, was indeed in a
direction opposite to its motion, within experimental uncertainties, in agreement with
the two-component theory of a massless neutrino.

A new era of neutrino physics began when a second, different kind of neutrino, the
muon neutrino (v,) was discovered in 1962 by Lederman, Schwartz and Steinberger [18]
in the first-ever accelerator neutrino experiment. This experiment, which utilized an enor-
mous amount of iron shielding plates cut out of the battleship USS Missouri, marked
the first serious accelerator neutrino experiment. In 1957 Pontecorvo first conceptual-
ized [19,20] the possibility of neutrino oscillations by generalizing the notions related to
kaon mixing. As only one flavour of neutrino had been discovered at that time, Pon-

tecorvo’s hypothesis focused on mixing between v and 7. In 1962, with the knowledge
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that multiple flavours of neutrinos existed in nature, Maki, Nakagawa, and Sakata pro-
posed oscillations between v, and v, [21]. However, there was only a vague hint of
the present understanding of neutrino oscillations in their work. In 1967, Pontecorvo
presented the first intuitive understanding of two-neutrino mixing and oscillations [22],
which was later completed by Gribov and Pontecorvo in 1969 [23]. The theory of neu-
trino oscillations was finally developed in 1975-76 by Eliezer and Swift [24], Fritzsch and
Minkowski [25], S.M. Bilenky and B. Pontecorvo [26]. This framework was later extended
to tau neutrino (v,), which was detected later in 2000 by the direct observation of the Nu-
Tau (DONuT) collaboration [27].

In 1967, the Homestake experiment, pioneered by Davis and Bahcall uncovered the
first indication that supported the neutrino oscillation theory. They sought to measure
the rate at which solar neutrinos were captured by chlorine nuclei. They had observed a
deficit between the measurement and the prediction of solar neutrinos, but the source of
the discrepancy remained unclear. Many pointed toward an inadequate understanding
of the solar model or errors in the neutrino experiments. The deficit phenomenon, how-
ever, was not limited to solar neutrino observations. Atmospheric neutrino experiments
also reported a deviation from the approximately 2:1 ratio between muon and electron
neutrinos that were produced through the 7 — uv,, u — ever,. IMB [28] experiment,
MACRO [29], and Kamiokande collaboration [30] found significant deficits in v, disap-
pearance fluxes. In 1998, Super- Kamiokande [31, 32] explained the shortfall by fitting
their results with non v, flavor oscillation framework. The debate in the solar neutrino
sector ended in 2001 when the Sudbury Neutrino Observatory (SNO) [33] experiment
provided conclusive evidence that roughly two-thirds of the solar neutrino flux was re-
lated to non v, flavours. This result supported the notion of neutrino oscillations and
reconciled the total flux measurement with the standard solar model (SSM) prediction.
by the Mikheyev-Smirnov-Wolfenstein (MSW) resonance conversion effects [34,35]. The
confirmation of the phenomenon of neutrino oscillation by Super-Kamiokande and SNO

has been honoured by awarding the Nobel Prize in Physics in 2015 [36].

1.2 Neutrino mass and its motivation

The search for the invisible width of the Z boson in the Large Electron Positron (LEP)
Collider has given the experimental value of neutrinos to be N, = 2.984 &+ 0.008 [37].
This value provides a bound to the expected number of light active neutrinos to be 3.

Any extra neutrino, if indeed present, must thus be sterile in nature. The discovery of
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neutrino oscillation establishes that neutrinos indeed have mass. The origin of the mass of
the neutrinos is still under debate. A plausible explanation can be seesaw mechanism that
requires the presence of heavy right-handed sterile neutrinos. From the general construct
of the standard model Lagrangian, it is implied that the chiral fields v; and v (which are
also allowed by SM symmetries) will contribute to the neutrino Lagrangian. We consider
the case where we only have v, in our framework and neutrino is a Majorana particle.

Then we can write the following mass term:

mass

1
ct = §mL1/£CTVL + h.c. (1.1)

where m, is the mass for left-handed neutrino and C is the charge conjugate operator.
Now, if we consider the existence of v in addition to v;, we will be able to write a Dirac
mass term, as well as another Majorana mass term, and the neutrino Lagrangian can be

represented in the following form:

D+M __ D
[’mass - [’

+ Lles + Loy

mass mass mass

= —mpURrVL + %le/};CTVL + %TTLRVLCTI/R (1.2)

To understand the mass term more precisely it will be helpful to specify the left-

handed chiral fields in the matrix form:

NL:(Z§>:(CZ_ZT> (1.3)

The Dirac-Majorana mass term can be written in the following form:

1
LM — _NTCTAMN, + h.c. (1.4)
L

mass 2

where the mass M can be represented in the matrix form:

M = < ZZIL) Zz ) (1.5)

This expression leads us to a situation where definite mass for v, or vz can’t be deter-
mined. But if we can diagonalise the mass matrix through a unitary transformation we

may find the field of the massive neutrinos:

UT MU — ( mi 0 ) (1.6)

0 mo
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where U is the unitary matrix.
If we consider the case where mp < mpr and m; = 0 we will get the following values
of the mass terms:

2
mp
my o~ —=

(1.7)
mg

Mo ™~ Mg (1.8)

which implies that the neutrino mass state v, is heavy but v, is very light since mp < mp.
This is the famous seesaw mechanism (known as Type-I seesaw in literature) [38,39],- the
heaviness of the mass of v»(my >~ mp) results in the lightness of the 14 mass.

Neutrino mass generation through seesaw mechanism is also a crucial component to-
wards explaining another fundamental puzzle, - namely the observed baryon asymme-
try in the universe. In 1967, Sakharov first proposed the three conditions necessary for
baryogenesis that generates baryon asymmetry in the universe [40]. These include, a)
Baryon number(B) violation b) C and CP violation, and c) departure from chemical equi-
librium. Among the viable baryogenesis scenarios, the most elegant is leptogenesis [41].
The right-handed neutrino N that generates the seesaw mechanism discussed above, de-
cays to lepton-higgs pair (1H) and its conjugate (/H*) with different branching ratios (T'),-
thereby violating B. The second Sakharov condition, namely CP violation, results from
the leptonic CP phase ¢ originating from Yukawa coupling and neutrino mass matrix.
Departure from Chemical equilibrium occurs due to the expansion of the universe. As a
final result, the following leptonic asymmetry Y7, is generated [42]

1 T(N = [H)—T(N — [H*)

Y, ~ — - 1.9
PTG T(N = IH)+ T(N = [H*)’ (1.9)

where g, is the number of degrees of freedom. The lepton asymmetry is then partially
converted to baryon asymmetry Yz through a sphaleron process that preserves B — L
while violating B and L separately [43]. Although the viability of leptogenesis depends
on various factors such as the right-handed neutrino mass, other variants of seesaw mech-
anism, flavour effects efc., it is incredible that the neutrino sector offers ingredients to

resolve such an elusive mystery of the universe.

1.3 Source of neutrinos and types of neutrino experiments

In this section, we will briefly discuss about various sources of the neutrinos used in the
experiments.
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* Solar neutrinos: According to the Standard Solar Model (S5SM) developed by Bah-
call et. al. [44-46], these are mainly produced through the following two groups of

chain reactions inside the sun:

1. proton-proton chain: An overview of this chain including the reactions that pro-
duce neutrinos is shown in Fig. 1.1. The three channels, namely pp, hep, ® B pro-
duce continuous neutrino spectra (also see Fig. 1.3). Note that the production
rate of hep neutrinos is expected to be even smaller (due to the tiny branching
fraction of this channel) than the rare ® B neutrinos. The pep neutrinos and the

" Be neutrinos, on the other hand produce line spectra of neutrinos.

rp) |p+p—Htet +rve pt+e +p—2H+wv. | (pep)

gg‘ﬁ%\/0~4%

“H+p— “He+7y

85%’/\’2 10-5%

3He 4 *He — “He 4 2p *He+p — ‘He+ et + v,

15%
ppl - (hep)

%He + "He — "Be + v

99487%,/\’0413%

(TBe) "Be+e~ — "Li+ v, Be+p— B4y
"Li+p — 2'He 5B - ®Be" + et + 1, (BB)
ppll l
3Be* — 2He
ppIll

Figure 1.1: A schematic picture showing the proton-proton chain of solar neutrino production. The
neutrino-producing reactions (along with corresponding branching ratios) and the familiar neutrino fluxes
are mentioned in the parentheses. The main branches are shown as underlined labels. This figure is adopted
from [47].

2. CNO cycle:  An overview of the CNO (Carbon-Nitrogen-Oxygen) cycle is
shown schematically in Fig. 1.2. To summarise, the three most important re-
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actions producing neutrinos in the CNO cycle are [48],

BN 5 BC+et +u,,
BO 5 BN +et 4+,
P10 4ot 4o,

where the neutrinos have energy approximately in the range 0 — 2.7 MeV.

IZC +p— 13N+"f 13N N 130 +€+ + v, (13N)
BN+ p — 2C +'He @ BC+p—-"N+y
99.9%
(50) |0 - BN et 41, UN 4 p— 50 47
0.1%
BN +p— 100+~ 70 4+ p— MN 4+ *He
160 4 p— TR 4 TR L0 et 4, | (VTF)

Figure 1.2: A schematic picture showing the CNO cycle of solar neutrino production. The neutrino-
producing reactions (along with corresponding branching ratios) and the familiar neutrino fluxes are men-
tioned in the parentheses. This figure is adopted from [47].

The net effect of each of the chain reactions discussed above is the following fusion
process,
4p — *He™™ 4+ 2u, +nry, (1.10)

where n depends on the particular reaction. The C, N,O produced in the CNO cycle
discussed above also act as catalysts in this fusion process. We note that there is a
high expectation of v, flux generated according to SSM. The calculation of the total
solar neutrino flux on earth has been done in [48] and is about 5.94 x 10"%em=2s71. .

Years of study of solar neutrinos have convincingly established that neutrino os-
cillations are the cause of the deficits of 1/3 to 1/2 in the measured v, flux rela-
tive to the SSM. The water Cherenkov detectors of the experiments Kamiokande
and Super-Kamiokande [50] and the heavy water detector at SNO [51] measure the
higher energy (4 — 15 MeV) neutrinos from the sun. 3"C[ experiment [52] detects the
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Figure 1.3: Solar neutrino flux shown as a function of neutrino energy as predicted by SSM [44—46]. The
energy threshold of several solar neutrino experiments are also shown. This figure is taken from [49].

intermediate-energy neutrinos from “Be and from the CNO cycle, while the 'Ga
experiments, SAGE [53], GALLEX [54], and GNO [55] look for the low energy pp
neutrinos. These experiments have conclusively established the oscillations of v, to
v, and/or v;. Very recently, the liquid scintillator experiment Borexino, which has
a low threshold of about 200 keV, was able to detect, for the first time, neutrinos
produced in the CNO cycle of the sun [56].

¢ Atmospheric neutrinos: Primary cosmic rays interact with the nuclei in the at-
mosphere to produce secondary particles pions and kaons. Pions and kaons sub-
sequently decay to muon neutrino, electron neutrino and the corresponding anti-

neutrinos:
L Kt — vt
L vetve,.
T, KT — p,u
L Due ey,
The ratio of v, to v, flux becomes roughly 2:1 since v, gets produced in the second

step above. The energy range of the atmospheric neutrinos is from a few hundred
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Figure 1.4: A schematic view of different zenith angles of atmospheric neutrinos and the different dis-
tances they travel before detection [57].

MeV to 10® GeV. Atmospheric neutrino flux falls steeply as E~%7 for energies above
1 GeV and the flux becomes undetectably small after about 100 TeV [58].

Atmospheric neutrino flux peaks at zenith angle ~ 90°, i.e near the horizon, due to
the larger length of atmosphere available in that direction. Atmospheric neutrinos
observed at different zenith angles have different path lengths:- from ~ 10 — 30
km for downward going neutrinos to ~ 10* km for upward going neutrinos. See
fig. 6.2 for a schematic (not to scale) of the atmospheric neutrinos (taken from [59]).
Atmospheric neutrinos have a long energy range and oscillation length, and hence
are very useful to study neutrino oscillations as well as new physics.

The signature of atmospheric neutrino oscillation was noted at [60] when there was
a difference between the number of v, calculated theoretically and observed exper-
imentally. Atmospheric neutrino studies in Soudan-2 [61,62] and MACRO [63, 64]
experiments have shown results that are consistent with Super-K results. Unlike
these experiments, MINOS [65] can detect the neutrino and anti-neutrino modes
separately through CC interactions. CHOOZ experiment [66,67] has been able to

ut upper limits on ;3 and Am?2, indicated by atmospheric neutrino experiments.
p pp 13 y p p
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Figure 1.5: Neutrino flux shown as a function of neutrino energy.

India based Neutrino Observatory (INO) [68] collaboration has been working ex-
tensively to study atmospheric neutrinos through Iron CALorimeter (ICAL). The
long-baseline experiments can probe the oscillation parameters independently and

provide crucial information for the atmospheric neutrino sector.

* Accelerator neutrinos: Here the beams of neutrinos are produced by the decay of
pions, kaons, and muons created by a proton beam hitting a target. They can be of

the following three categories.

1. Pion Decay In Flight

and kaons initially produced by a proton beam hitting a target. The pions and
kaons are allowed to decay in a decay tunnel of the length of the order of 100 m.
The beam is mainly composed of v,s or 7,s. The typical energy of the neutrinos

is of the order of a few GeV but can be much larger, depending on the energy

of the proton beam.

2. Muon Decay At Rest

muon antineutrinos

(DIF): Neutrino beam is produced by the decay of pions

(DAR): In this process lower energy beam composed of

coming from the decay
pm=et .+,

10
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of the it produced in the pion decay:
=t +y, (1.11)

(the 7~ are mostly absorbed by nuclei) are produced. The energy of neutrinos

thus produced can be several tens of MeV.

3. Bean Dump: a proton beam with very high energy, of the order of some hun-
dreds of GeV, is completely stopped in a thick target, called the beam dump,
where the proton nucleon interactions generate heavy hadrons. The charmed
heavy hadrons decay promptly with practically equal branching ratios into
electrons and muons, emitting equal fluxes of electron and muon neutrinos
with energies of the order of 10? GeV.

Studies on accelerator neutrinos can provide important information about many
new physics scenarios, such as sterile neutrino searches, neutrino-nucleus interac-
tions, and matter effects in neutrino oscillation. ND280 [69], T2K [70] and Super-
K [71] in Japan get their neutrino flux from J-PARC and MicroBoone [72], MIN-
ERvVA [73], ICARUS [74] and SBND [75] get the neutrino flux from NuMI [76] at
Fermilab, USA.

Reactor neutrinos: Nuclear reactors are the major sources of artificially produced
neutrinos. Power generation in nuclear reactors takes place through the fission
of neutron-rich isotopes like U?**, U**® and Pu**. Electron antineutrinos are pro-
duced by the chain of inverse 5-decays of the fission products in the energy range
of 0.1 to 10 MeV. The calculation of a reactor antineutrino spectrum is a difficult
task since the decay of each isotope produces a different neutrino spectrum. The
qualitative features of the existing calculations are reviewed in [77,78]. The elec-
tron anti-neutrino oscillation observed in reactor experiments are done through the
measurements of the products of the inverse-beta-decay reaction 7, + p — n + e™.
This can be an efficient tool to do a precise measurement of 6,3. Results from Dou-
ble CHOOZ [79], Daya Bay [80] and RENO [81] has shown sensitivity at very low

0,5-value (sin? 26,5 = 0.006).

Core-collapse supernova neutrinos: Stars more massive than about 8M¢g un-
dergo gravitational collapse that leads to the production of a neutron star or a black
hole. Among them Stars with mass 2 10/ have iron cores that exceed the Chan-
drasekar limit of about 1.44M; they can no longer be supported against gravita-

tional collapse by electron degeneracy pressure and catastrophic collapse ensues.

11
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Once the core of the star becomes constituted primarily of iron, further compres-
sion of the core does not ignite nuclear fusion and the star is unable to thermody-
namically support its outer envelope. As the surrounding matter falls inward under
gravity, the temperature of the core rises and iron dissociates into « particles and nu-
cleons. Electron capture on protons becomes heavily favored and electron neutrinos
are produced!. The collapse continues until 3 — 4 times nuclear density is reached,
after which the inner core rebounds, sending a shock wave across the outer core
and into the mantle. This shock wave loses energy as it heats the matter it traverses
and incites further electron capture on the free protons left in the wake of the shock.
During the few milliseconds in which the shock wave travels from the inner core to
the neutrinosphere, electron neutrinos are released in a pulse. This neutronization
burst carries away approximately 10°! ergs of energy. However, 99% of the binding
energy F, ~ 10° ergs of the protoneutron star (which is about 10% of the star’s rest
mass energy) is released in the following ~ 10s. The primary processes are beta
decay (providing a source of electron antineutrinos), v, v, annihilation, e*e~ annihi-
lation, and nucleon bremsstrahlung (N + N — N + N + v + v, which give all flavors
of neutrinos: v.v.,v,7,,v;7;), in addition to electron capture. Kamiokande II [82]
and Irvine-Michigan-Brookhaven [83] results strongly support the core-collapse su-
pernova model. Super-Kamiokande [84] and SNO [85] experiments can study this

phenomenon in further detail.

¢ Astrophysical neutrinos: Very high energy neutrino fluxes from cosmologically
distant sources are generally expected in association with the production of cosmic-
rays (CR), whose energy spectrum can extend to even 10?° eV and is likely dom-
inated above ~ 3 x 10'" eV by protons, neutrons, and nuclei of extragalactic ori-
gin. Source candidates include galactic sources like supernova remnants (SNR) and
extragalactic sources like Active Galactic Nuclei (AGN) and Gamma Ray Bursts
(GRB). This Ultra High-energy (UHE) neutrino production is thought to be asso-
ciated with the interactions of high-energy protons that produce energetic charged
pions by py or by pp interactions. In sources that are optically thin to meson-nucleon
interactions, the 7+ — p*v, decays and subsequent y* — e*v.v, decays (and cor-
responding 7~ decay chain) lead to ultra high-energy neutrinos. The decays of neu-
tral pions, 7° — v, may be observed as gamma ray signals in experiments such
as observations by the Fermi Gamma-ray Space Telescope (FGST). GALLEX [86]

IThis process is known as neutronization.

12
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in Italy and SAGE [53] have detected low energy (<400 keV) neutrinos which are
a primary component of the solar neutrino flux. ICECUBE [87] at Antarctica and
KMB3NET [88], ANTARES [89] under the Mediterranean sea are neutrino telescopes
under ice and water respectively and these experiments are expected to provide

crucial information about astrophysical neutrino searches.

* Relic neutrinos: Relic neutrinos are an important product of the standard hot Big
Bang. Neutrinos were in thermal equilibrium in the hot plasma which filled the
early Universe through weak interactions with the other particles. As the universe
expanded and cooled, the rates of weak interaction processes decreased and neu-
trinos decoupled when these rates became smaller than the expansion rate. Since
for the three known light neutrinos with masses smaller than about 1 eV the de-
coupling occurred when they were relativistic, these neutrinos are hot relics. Relic
neutrinos pervade space, but their temperature 70 is extremely small, being of the
order of 10* eV. Their weak interaction cross-section with matter is thus extremely
small and hence the direct detection of relic neutrinos is a very difficult task with

present experimental techniques.

1.4 Neutrino oscillation: outstanding questions

In the late 1950s Pontecorvo proposed the phenomenon of neutrino oscillation analogous
to K — K° oscillation [19,90]. At that point, experimental data could only ascertain the
existence of electron neutrino. Eventually, muon and tau neutrinos were discovered in
1962 and 2000 respectively. Maki, Nakagawa and Sakata proposed the model of mixing
of neutrino flavours in 1962 [91]. Pontecorvo then extended this discussion and in 1967
predicted that the solar neutrino problem is a consequence of v. — v, transition [22]. In
1998 neutrino oscillation was detected experimentally in Super-Kamiokande collabora-
tion [92]. We have discussed about the formalism of neutrino oscillation in more detail
in Chapter 2. This finding opened up a broad aspect of beyond standard model (BSM)
physics. From the theoretical model of leptogenesis, the search for neutrino mass and CP
violation have become key observables in current and future neutrino experiments. Also,
with the increase in the precision of measurement in the upcoming neutrino experiments,
one can expect to explore the domain of new physics, such as non-standard interactions
(NSI) of neutrinos, or studies of superluminal neutrinos.

In addition to the standard three neutrino phenomenology, there exists some exper-

13
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imental evidence, although not conclusive and some theoretical models which may in-
dicate to some exotic phenomena that go beyond the standard framework. The possi-
bility of the existence of a fourth neutrino mass eigenstate (called sterile neutrino) orig-
inates from some anomalous neutrino experiment results. The LSND experiment [93]
found evidence for 7, — 7. oscillation at 3.30 significance (oscillation probability is
(2.64+0.6740.45) x 10~3). The mass squared difference which can successfully explain this
LSND 7, excess (LSND anomaly) is Am3 ~ 1 eV Since this mass scale is very different
from the existing solar (Am3; ~ 107 eV?) and the atmospheric (Am3; ~ 1072 V%) mass
differences, this suggests that there may exist a fourth neutrino mass eigenstate, called
sterile neutrino, participating in neutrino oscillation. IceCube, Katrin, SBN, ANTARES,
STEREO are a few experiments which aim to search for sterile neutrinos with high preci-
sion using different neutrino sources and different detection techniques.

The Standard Model of particle physics cannot successfully explain the origin of neu-
trino masses. Though BSM phenomenology can be introduced to the standard framework
through effective field theory which can account for the mass generation of neutrinos. The
seesaw mechanism explains the generation of neutrino mass considering the presence of
an additional right handed neutrino. In literature, there are several mass models which
incorporate the seesaw mechanism intrinsically. The ongoing and future experimental
facilities may shine light to the viability of these theories.

Another important question that may arise in the context of neutrino oscillations is the
conservation of the intrinsic CPT violation which is intimately related to the Lorentz sym-
metry. Fundamental symmetry such as the Lorentz Invariance (LI) may spontaneously
break at the Planck scale in some unified theories. In a low energy effective field the-
ory such as the Standard Model, such violations of LI can manifest themselves pertur-
batively. The neutrino sector, where neutrinos can oscillate flavours while propagating
through macroscopic distances, is one particularly noteworthy window through which
the Lorentz invariance violation (LIV) effects can potentially be observed. The presence
of LIV is expected to manifest as Planck suppressed interference effects to the mass in-
duced neutrino oscillations.

In order to study the new physics in neutrino oscillation more precisely one would
need to have a clear understanding of the interaction of the neutrinos with the detectors,
i.e., with the nuclei. The final state interactions (FSI)? in the nuclear medium are being

studied widely in the current experimental domain. More precise data of the neutrino-

2When a neutrino interacts with the nucleon and knocks out another nucleon, that nucleon may re-
interact with other particles in the nuclear medium. This is known as FSL

14
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nucleus interaction will reduce the systematic uncertainties in the ongoing and forthcom-

ing neutrino experiments.

1.5 Problem statement

To resolve the interesting issues discussed above, a large number of ambitious neutrino
experiments have been designed. This thesis addresses the capabilities of the ongoing
and forthcoming LBL experiments in probing the new physics scenario.

¢ In case the sterile neutrino exists in nature, interference terms will arise due to the
additional CP phases. Not taking these terms into consideration during the analysis
of LBL neutrino oscillation data can impact the physics searches. In this thesis,
we aim to study how the ongoing and forthcoming LBL experiments like DUNE,
NOvVA, T2K and T2HK can probe these standard and new CP phases (413, d24 and
034). We have also briefly explored how the parameter space can change in the case
of neutrinoless beta decay due to the introduction of a sterile flavour.

® One of the most discussed model for the neutrino mass generation is Left-Right
Symmetric Model (LRSM) which incorporates the seesaw mechanism. This model
considers the addition of a single right-handed neutrino in the SM Gauge group and
implements an additional scalar triplet. The mass term for neutrino can be written
in terms of Yukawa couplings [94]. Although the study of neutrino mass is BSM
physics, most neutrino oscillation analyses are done assuming Standard Model neu-
trino interactions. Non-standard interactions (NSI) of neutrinos that originate from
neutrino mass models, can affect the oscillation probabilities as a sub-leading effect
and can bring about significant changes in the observable results in the experiments.
By implementing effective field theory, a correlation between the parameter spaces
of LRSM and NSI can be found. In this thesis, using the available LBL data from
NOvVA and T2K, we have aim to study how these parameter spaces can be probed

in terms of the mass and coupling of the new scalar triplet.

¢ If we consider the existence of LIV in nature, that will produce modifications in
the spectra of events predicted with the standard three-neutrino paradigm. High
statistics neutrino experiments represent a rich source of information on neutrino
oscillations stemming from its energy and direction dependent multi-layer matter

effects. In the current manuscript, we aim to present the physics potential of future
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LBL neutrino experiments, namely P20 and DUNE, in measuring sub-dominant
effects in neutrino oscillations coming from the breaking of Lorentz symmetry. We

have done a x? analysis in order to put a bound on the relevant LIV parameters.

* Main INjector ExpeRiment for v-A (MINERVA) experiment studies the neutrino-
nucleus interaction for both heavy and light nuclei. The phenomenon of charged
pion production in such detector is currently studied with more precision. In this
document, we have studied charged pion production at low energy in MINERVA
detector through the production of Michel electron.

We start with the formalism of neutrino oscillation in chapter 2. Then, in chapter 3, we
have focussed on the phenomenology of the light sterile neutrino mixing with the active
neutrinos through oscillation and how efficiently the LBL experiments can probe the CP
phases. In chapter 4, we have discussed the capability to probe the LRSM in terms of
NSI manifested in LBL experiments. In chapter 5, we have studied how the LBL exper-
iments can probe the parameter space of LIV. Lastly, in chapter 6, we have investigated
the charged pion production channel through Michel electron in a neutrino-nuclear ex-

periment.
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Chapter 2

Neutrino Oscillation

The quantum mechanical phenomenon in which the neutrinos are observed at a later
time to acquire a different flavor than that at the source is called neutrino oscillation. The
initial theory of neutrino oscillation is proposed by Pontecorvo in 1957. But the standard
formalism of neutrino oscillation with the plane wave approximation was introduced in
1975-76 by Eliezer and Swift [24]. In this chapter, we aim to do a detailed derivation of
the active neutrino oscillation in vacuum as well as in matter. In the end, we have shown

how precisely the oscillation parameters have been measured in the experiments.

2.1 Standard derivation of neutrino oscillation

Before proceeding to derive the neutrino oscillation in the standard framework, we first

make the following assumptions:

* Neutrino oscillation experiments are not sensitive to the difference in neutrino
masses during the production or detection process. They are detected through
charged-current or neutral-current weak scattering processes. These neutrinos are

described by their flavor state.

¢ Flavor neutrinos have a definite momentum p;, i.e. all the massive neutrino compo-
nents have the same momentum. However, there is an alternative method (known
as wave packet analysis in which the wave packet nature of propagating neutrinos
is taken into account [95-99]) of deriving the neutrino oscillation probability where

this equal momentum assumption is irrelevant.

¢ It can be shown in the so-called wave packet analysis of the neutrino oscillation phe-

nomena that neutrinos are described by wave packets that are localized in the pro-
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duction process at the production time. They propagate between the production
and the detection processes with a group velocity close to the velocity of light. The
propagation time t is equal to the distance L traveled by the neutrino between pro-

duction and detection considering ¢ = 1.

a neutrino with flavor a and momentum p, created in a charged-current weak inter-
action process from a charged lepton ¢, or together with a charged antilepton ¢, is de-

scribed as the flavor state,
|Voc> :ZUSH’%) (OéZ@,/Lﬂ'; <Vk|’/j> :57€j)' (21)
k

where the unitary matrix U}, is known as the mixing matrix or the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [21,22]. The index £ stands for the mass eigenstate of
the neutrinos. Each flavor eigenstate of neutrinos are linear superpositions of the mass
eigenstates. In general, for an N x N unitary mixing matrix, there are N(N — 1)/2 mixing
angles and N (N + 1)/2 phases. To see this, we first note that a general N x N matrix U
has N? complex elements i.e., it can be described by 2V 2 real elements. But if U is unitary,
not all the 2N? elements are independent. Invoking the unitarity condition U'U = I, we

see that,
> UiUs = 6y (2.2)
k=1.N
For j =1, Eq. 2.2 gives,
Ul =1 (2.3)
k=1..N

This gives N such conditions corresponding to i = 1..N. For j # i, Eq. 2.2 gives,

> UiUs; =0. (2.4)
k=1..N
Since there are Y C; ways in which a pair of distinct (i, j) values can be chosen from a set
of N values, Eq. 2.4 gives ¥, conditions. Now, invoking the other unitarity condition
UU' =1, and taking j = ¢, we arrive at the identical N such conditions as Eq. 2.3. But for
jAiinUUT = I we get the following different set of N, conditions,

> Uy =0. (2.5)

k=1..N

Thus the number of independent parameters that can completely parameterise the N x N
unitary matrix U is given by 2N? — N — (2 x ¥(y) = N2, In the current context of neutrino
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mixing, among these N? parameters, the number of angles describing mixing between a
pair of generations is YC5 or N(N — 1)/2. The rest of the parameters are the CP phases
are the number of CP phases are thus given by N> — N(N —1)/2 or N(N + 1) /2.

It is important to note that not all the CP phases are physical. To understand this, we
note that the NV x N unitary matrix U with its N(/N — 1)/2 mixing angles and N(N +1)/2
phases can be written as follows [100, 101].

U=Dw) [[W*Ouw, )  witha,b=1,..,N. (2.6)

a<b
where, D(w) = diag(e™, ..., e™N) = exp[i .0, w,A%] is a diagonal unitary matrix de-
fined by the set of N phases w = (wj...,wy). The matrix A® is defined as [A"],.; = 04,0ps
and represents the N? generators of unitary transformations. W in Eq. 2.6 is a unitary
and unimodular matrix representing complex rotation in the a — b plane with an angle 6,

and a phase 7, (a # b). They can be written as [47],

[Wab(eaba nab)}rs = [exp(@abei"abAab — @abe—inabAba)]Ts
= (57«5 + (COS Hab - 1)(57’(165(1 + 57’b55b) + sin Qab(émgsbeiﬂab _ 57’b65a6_mab)~

(2.7)
Thus, fore.g.,
cos 01 sin f10€™M2 ()
Wia(012,m2) = | — sin O1pe"M2 cos 012 0
0 0 1

Thus we observe that Eq. 2.6 is a way of writing the NV x N unitary matrix U in terms
of the N(N — 1)/2 mixing angles 6,,, and the N(N + 1)/2 phases have been divided into
N(N —1)/2 phases n,, and N phases wy. To analyze the removal of unphysical phases,

we now introduce a set of N arbitrary phases ¢ = (¢1, ..., pn), and write Eq. 2.6 as,

U=Dw— ) {H D(@)W™ (O, nab)DT(¢)1 D(yp)

a<b

= D(w—¢) [H W (O, Nt + Pa — sob)] D(e), (2.8)

a<b
where we use Eq. 2.7 to arrive at the second line. It is easy to note from Eq. 2.8 that the
set of arbitrary phases ¢ can be chosen so that N — 1 phases 7,, can be extracted (since
there are N — 1 independent differences ¢, — ¢3). Thus eventually one ¢, still remains
hanging. To proceed further, let us look at the N = 3 scenario and then the general
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CHAPTER 2. NEUTRINO OSCILLATION

case will easily follow. For N = 3, there are 3 mixing angles 62, 63,023 and 6 phases
Wi, Wa, W3, M2, M3, N23. 1If we choose to extract 712 and 7,3 from the complex rotarions with
the choice (@1, @2, ¢3) = (Y2 — M2, P2, P2+ 123) (so that only ¢, remains), then the rotations
in the 2 — 3 and 1 — 2 planes are real and we denote them as R** and R'? respectively. we
can then write the mixing matrix U in Eq. 2.8 as [101],

U = D(w — @) R*(023) W' (613, 113) R (012) D()
= c“2diag(ermwrtme) 1 giwswa=mas)) R23(0, ) W13(0)5, 1,3) R (015)diag (e ™2, 1, 2.
(2.9)
Note that, in deriving the second line of Eq. 2.9 the factor e~*? arising from D(w — ¢)
cancels out the factor ¢#? arising from D(). Thus the value of (, turns out to be irrelevant
and can be taken to be zero for simplicity. Thus, we eventually see that effectively 5 phases
can be factorized outside of the rotation R?(6a3)W1'3(6;3,m13) R*?(612) and only one phase
ms remains inside. The five overall phase factors can be eliminated by redefinition of
the fields so that the weak Lagrangian remains unchanged and only one physical phase
remains. For a general case of N generations where there are N (/N + 1)/2 phases to begin
with, 2N — 1 of them can be eliminated and the number of physical CP phases remaining
is N(N+1)/2— (2N — 1) or (N — 1)(N — 2)/2. For the standard 3 flavor scenario, N = 3
there are three mixing angles (612, 623 and 6,3) and only one CP violating phase known as
dcp. The unitarity of the mixing matrix denotes that the flavor states are orthonormal:

<l/a|l/ﬂ> = (Saﬁ. (210)
The massive neutrino states |v) are eigenstates of the Hamiltonian:
Hlvk) = Ex [vi), (2.11)

with energy eigenvalues Ej, = /|p]?> + m;. The Schrodinger equation

i (1) = H (o) 1)

implies that the massive neutrino states evolve in time as plane waves:
(t)) = e B4 ) (2.13)

Now, if we consider a flavor state |v,(t)) which describes a neutrino created with a par-
ticular flavor « at time t = 0. So using equations 2.1-2.13, we can now write the time

evolution of the flavor state,

PAG) Z U e Bt 1) (2.14)
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2.1. STANDARD DERIVATION OF NEUTRINO OSCILLATION

such that |v,(t = 0)) = |v,). Now, using the unitarity relation,
Z 5 Usj = Oy (2.15)

and inverting equation 2.1, the massive neutrino states can be expressed in terms of the

flavor states as,

i) = > Uk [a) - (2.16)

Using the relation 2.16 in equation 2.14, we can write,

|l/a< Z <Z kUﬂke_iEkt> |V@> . (217)

B=e,u,7

The amplitude of the neutrino flavor transition v, — v as a function of time is given by,
Auyonn(0) = Walralt) 3 UsuUee™ 5, 218)
k

and the probability of the flavor transition v, — v3 is given by,
Prns () = |Apsns (D = Y UnUsUyUpye P EDE, (2.19)
k.

For ultrarelativistic neutrinos, the dispersion relation Ej, = \/p? + m} can be written as
(using the equal momentum assumption),

m2 Amz
Eo~FE+—2t — E,.—F. ~ J 2.20
k +2E k § 5F ( )

where Amj; = mi — m3, is the mass squared difference. Also, £ = [p], neglecting the
mass contribution. In an actual neutrino oscillation experiment, the neutrino propagation
length L between the source and the detector is measured instead of the propagation time
t. Since neutrinos are ultrarelativistic, we use the assumption ¢ ~ L and the oscillation
probability in equation 2.19 as a function of energy;,

2

Am .
—igpt L (2.21)

Prs (t) = | Ay (L, E)|? Z i UpUasUsse

Using the unitarity of the mixing matrix (equation 2.15),
> P, (LE)=1

B
> Py, (LE)=1. (2.22)
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CHAPTER 2. NEUTRINO OSCILLATION

where, the running indices o and 3 denote the initial and final flavors of neutrinos, respec-
tively. The unitarity condition of the mixing matrix allows the sum of the probabilities to
be unity when it is summed over all the initial flavors, as well as, all the final flavors,

individually. For example, in the case of three neutrino flavors,

> Puw,(LLE)=P, (L E)+ Py, (LE)+ P, (L E) =1

ﬁ:e7#77

> P, (L,E)= Py, (L.E)+ Py, (L,E)+ Py, (L,E) = 1.

a:e7H7T
Now, from relation 2.15, one can show that

> Uak*|Uskl* = 60p — 2 Re[UiUsrlUa;Us;]. (2.23)
k

k>j

which allows us to write the oscillation probability in the following form:

Py =060 — 4 Re[UnUsnUsiUps,;] sin®(¢y;)
k>j
Ami; L
AE

+ 2)  Im[UUsUaUs;] sin(2¢y,), where, ¢ = (2.24)

k>j

Equation 2.24 is known as the transition probability when « # /3

For the case of antineutrinos, one starts with
70) = S Unk 7). (@ = e 1,75 (melu) = Biy), (2.26)
k

and gets the following expression for oscillation probability of antineutrinos,

Pryszy =0ap — 4 Re[UnUnUsiUps,;] sin®(¢y;)

k>j

— 2) Im[UsUsiUa;Us;] sin(2¢%;). (2.27)

k>j

'When o = 3,it is known as the survival probability and can be written as,

Py svy =1 =43 Re|Uai|*|Uaj|? sin® (¢;) (2.25)
k>j

22



2.2. NEUTRINO OSCILLATION IN VACUUM

2.2 Neutrino oscillation in vacuum

Neutrino oscillation in vacuum will give us the basic idea about the propagation of neu-
trinos unhindered by the interactions with the Standard Model particles, as seen in the
case of matter oscillation. It is simple to derive because the mass eigenstates evolve ex-
actly as shown in the previous section (equation 2.11). We give a brief description of it
below both in the context of 2 flavors and 3 flavors.

2.2.1 Two flavor oscillation

In this case, there is only one mixing angle 6 and only one mass squared difference namely
Am? = m3 — mi. The two flavor neutrino states are linear superpositions of the two
massive neutrinos v; and v, with coefficients given by the elements of the two-neutrino

effective mixing matrix,

0 sind
U= s S , where0 <0 < 7/2. (2.28)
—sinf cosf

Now using equation 2.24 we can write,

Am?L
41F

P,.v,(L,E) = sin®20sin’*( ), (a#B). (2.29)

It is convenient for practical purposes to write the probability expression after unit con-

versions, in the following form,

Am?[eV?] L[km)] )
E[GeV]

P,.,(L, E) = sin® 20 sin® 1.27( (2.30)
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2.2.2 Three flavor oscillation:

For three generations, one has 3 mixing angles (0:2, 613, f23), 2 mass squared differences,
and one Dirac CP phase (J.,). The PMNS matrix U can be conveniently parameterized as,

U = RyWisRio
= O(023)O0(013, 013)O(bh2)

1 0 0 C13 0 8136_16677 C12 S12 0
- 0 Co3 593 0 1 0 —S12 C12 0
0 —s93 €93 —81361667’ 0 C13 0 0 1
C12C13 512C13 s1ge”ocr
_ i i,
= —S12C23 — C12513523€ 7T C12C23 — S12513523€ 7T 13523 ; (2.31)

s s
512823 — €12513C23€"°F  —C12S93 — 512513C23€"°T  C13Ca3

where s;; = sinf;;,c;; = cos0;; etc. and i, 5 = 1,2,3. The expression for 3 flavors in vac-
uum can be written in the useful form in the approximation that the solar mass squared
difference (Amj3,) and the mixing angle 6,3 is small and neglected beyond 2 orders of

magnitude.
Py, —v.) = a®sin®2055c5, (%) 2 + 457,583, sin” (%)
+ 2813 8in 20,3 sin 26,3 (/\TL) sin <)\7L> cos (5Cp + )\TL) , (2.32)
where \ = A;?l, a = 2%1. The discussion regarding the probability expressions for all

other channels can be found in [102].

2.3 Neutrino oscillation in matter

Neutrinos propagating in matter are subject to coherent forward scattering with the par-
ticles present in the matter. The resulting potential changes the neutrino propagation
through matter significantly than in the vacuum, thereby changing the oscillation proba-
bility expressions. The flavor changing mechanism in neutrino oscillation in presence of
matter is given by the Mikheev-Smirnov-Wolfenstein (MSW) effect. The basis of the MSW
effect is that the electron neutrinos have different interactions with matter than the neu-
trinos of other flavors. When the neutrino traverses the Earth, the oscillation probability
is calculated taking into account the Earth’s matter potential due to the forward scatter-

ing amplitude of charged current interactions with electrons. Neutral current interactions
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Ve e~ VeyVy,Vr Ve, Vy, Vr

e ,p,n e ,p,n

Figure 2.1: Feynman diagrams of coherent forward scattering processes that generate the charged-current
potential through W exchange (left) and the neutral-current potential through the Z exchange (right).

are neglected here because they lead to flavor-independent terms which are irrelevant to
the oscillation probabilities. The effective CC Hamiltonian for coherent forward elastic

scattering (see figure 2.1) can be written as,

M) = |1 = 2P)e(o)] o1 = 27

= % {ﬂe(x)fy”(l — 75)1/6(95)] [é(x)fyp(l - 75)e(w)1 (using Fierz Transformation).

Averaging over the electron background in the rest frame of the medium gives
HE (@) = Veeler ()7 ver (z), (2.33)
with the charged current potential given by,
Voo = V2G #Ne, N, being the electron no. density of the medium. (2.34)

For antineutrinos, Voo — —Voc, because of the anti-commutation relation between the
creation and the annihilation operators. Similarly starting with the effective NC Hamil-
tonian (the right one in figure 2.1)

Wi =% % { (1 - ) m}Z[ﬂx)%(gé—gmf(x), (2.35)

aeuT f

one can see that the neutral current potential of any flavor neutrino due to coherent scat-

tering with the fermions of the medium is given by?,

1
Vi = — 5 Gl (2.36)

?In an electrically neutral astrophysical environment with low temperature and density.
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In summarizing, the effective neutrino potential is then given by,

Hepr() = D Valar ()7 var(x), (2.37)
a=e,,T
with the potential
V., = V2Gr <N65ae —~ %Nn) (2.38)

Now, let us see how the potential affects neutrino oscillation. Going back to the evolu-
tion equation we see,

d
’l/—

o v (t)) = H|va(t)), with, |1,(0)) = |va), (2.39)

where H is the sum of the vacuum and the matter interaction Hamiltonian:
H="Ho+H;. (2.40)
The massive neutrino eigenstates v, with momentum p’is an eigenstate of the vacuum

7‘[0 |I/k> = Ek |I/k> s Wlth Ek = \/]72 + mi, (241)

and the flavor states are the eigenstates of the interaction Hamiltonian:

Hamiltonian:

Hi|va) = Vo |va) with V, given by equation 2.38 (2.42)

If Yo (t) = (vg||va(t)) is the amplitude of the transition v, — vy after a time t, then its
evolution can be written by (using equation 2.39 and using the approximation ¢ ~ x)

d
i—U, =Hp¥,, (2.43)
dx
where,
1
Hp = —(UM?UT + A), (2.44)
2F
Yae 0 0 0 Acc 0 0
Vo= Yau |, M>=]0 Am3, 0 , A= 0o 00 |,
Viur 0 0 Am} 0 00

Ace = 2EVee = 2V2EGEN,
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2.3. NEUTRINO OSCILLATION IN MATTER

2.3.1 Two flavor oscillation:

For the two flavor scenario, equation 2.43 can be written as,

. d wee . wee
(o)), »

where
= —Am? cos ?9 + Acc Am? sin 26 . (2.46)
Am? sin 26 Am?cos 20 — Ace
Am? = m3 — m? and the only mixing angle is defined as,
Ve =1v1c080 +1p8inf, v, = —visint + v, cost. (2.47)

To solve equation 2.45, Hr is diagonalized by the following orthogonal transformation:
UL HrUy = Har (2.48)

Here the unitary matrix Uy, is the effective mixing matrix in matter:

Oy sind
Uy = ( costar ST ) (2.49)

—sinfys cosfy,

and the effective squared mass difference is

Am3; = v/ (Am2 cos 20 — Acc)? + (Am? sin 20)2. (2.50)

The effective mixing angles in matter ¢,, are given by,

tan 20

_ __Acc
Am?2 cos 20

tan 20, = (2.51)

Note that, there is a resonance when A = Am? cos 20 and at the resonance the effective
mixing angle is maximal i.e.w/4. This implies that if the resonance region is wide enough
it may induce total flavor transition of neutrinos. This is the famous MSW effect [34, 35].
Proceeding further, it can now be shown that the appearance probability in presence of

matter is given by (by solving equation 2.45 in a constant density i.e., df;/dx = 0),

A 2
P(v, = V) = |thye]* = sin® 20, sin® ( TEMJC) (2.52)

We note that this probability expression has a similar form as in vacuum (equation 2.29)
with the mixing angle and the mass squared difference replaced by their matter counter-
parts.
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2.3.2 Three flavor oscillation:

For the case of three neutrinos, the mixing matrix in the standard parametrization is (from
equation 2.31)
U - R23W13R12. (253)

Now, since the matrix A in equation 2.44 commutes with Ry,
R, ARy = A. (2.54)

Redefining ¥, — RQS\IIQ in equation 2.43 we can write,?

1
Hp = 2—(W13312MQR{2W§3+A)

1
2K

~
~

(WisM*WH; + A) (2.55)

Now one can follow the usual procedure (as shown in subsection 2.3.1) by diagonalizing

Hr and obtain the effective mixing angle and mass squared differences in matter as,

m tan 2043
tan207; = - oo
Am%l cos 2013
Amfn31 = \/(Amgl c0s 2013 — Acc)? + (Am3, sin 260;3)2. (2.56)

In the OMSD approximation, the expression for P(v, — v.) in matter is given by,

P(v, — v.)™ = sin® O3 sin® 20} sin? [AmfnSlL/élE] (2.57)

2.4 Current status of neutrino oscillation parameters

Once the theory of neutrino oscillation had been studied extensively, experiments have
been fabricated to find out the numerical values of the neutrino oscillation parameters.
Standard neutrino oscillation is governed by three mixing angles (0:2, 013, f23), two mass
squared differences (Am3,;, Am3,), and one Dirac CP phase (dcp). Combined analyses of
KamLAND [103] and the solar neutrino experiments [104] have determined the param-
eters 012 and Am3,. The atmospheric neutrino experiments such as Super-Kamiokande
(SK) [31], MINOS [31,105] have measured sin® 26,3 and |Am2,|. The short baseline reactor
neutrino experiments Daya Bay [106], RENO [107], and Double Chooz [108] have recently

3We also make use of the One Mass Squared Dominance (OMSD) approximation Am2, >> Am3; and
M = diag(0,0, Am3;)
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evaluated the non-zero value of 6,5 very precisely. The ongoing and the upcoming accel-
erator long-baseline neutrino experiments (T2K [109], NOvA [110,111], DUNE [112,113],
T2HK [114]) are expected to probe the precise value of Am2, (with correct sign), dcp and
63. The present status of the oscillation parameters is shown in table 2.1.

Parameter Best-fit-value 3o interval 1o uncertainty
612 [Deg.] 34.3 314-374 2.9%
613 (NH) [Deg.] 8.58 8.16 - 8.94 1.5%
6013 (IH) [Deg.] 8.63 8.21-8.99 1.5%
053 (NH) [Deg.] 48.8 41.63 - 51.32 3.5%
63 (IH) [Deg.] 48.8 41.88-51.30 3.5%
AmZ, [eV?] 7.5 % 107° [6.94 - 8.14] x10~° 2.7%
Am3, (NH) [eV?] | +2.56 x 1073 | [2.46 - 2.65] x1073 1.2%
Am3, (IH) [eV?] | —2.46 x 1073 | -[2.37 - 2.55]x 1073 1.2%
913 (NH) [Rad.] —0.87 [—m,0] U [0.87, 7] -
813 (TH) [Rad.] —0.467 [—0.86, —0.17] -

Table 2.1: Standard oscillation parameters and their uncertainties used in our study. The
values were taken from the global fit analysis in [115]. If the 30 upper and lower limit of
a parameter is z, and z; respectively, the 1o uncertainty is (z, — x;)/3(x., + ;)% [116].
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Chapter 3

Exploring the new physics phases in 3+ 1
scenario in neutrino oscillation
experiments

3.1 Introduction

The phenomenon of standard three-neutrino oscillation [32,51] (cited as 3 + 0 hereafter)
has been consolidated through significant experimental data with solar, reactor, acceler-
ator, or atmospheric neutrinos over a long-range of energy (E) and baseline (L). Despite
the remarkable success of the 3 + 0 picture, there are a few anomalies, namely, LSND
and MiniBooNE anomalies. LSND detected 3.8c0 event excess in the 7, channel and Mini-
BooNE observed 4.50 event excess in v, channel. These results could not be explained in
the framework of standard three-neutrino oscillation. There are several possible explana-
tions for these SBL anomalies, such as the decay of heavy (O(keV)) sterile neutrinos to ac-
tive neutrinos [117], new resonance matter effects [118], decay of axion-like particles [119]
etc. Mixing of one light sterile neutrino (O(eV)) with the active neutrinos through oscil-
lation is one of them [120]. This particular theory of one additional sterile neutrino in the
oscillation picture (referred to as 3 + 1 hereafter) improves the accuracy by 50 [121] and
this is unlikely to be a random advancement. Various existing and future facilities aim
to search for sterile neutrinos with high precision using different neutrino sources and
detection techniques. These facilities include IceCube [122], Karlsruhe Tritium Neutrino
Experiment (KATRIN) [123], FermiLab’s Short Baseline Neutrino (SBN) program [124],
ANTARES [89], Neutrino Experiment for Oscillation at Short baseline (NEOS) [125],
Short baseline neutrino Oscillations with a novel Lithium-6 composite scintillator De-
tector(SoLid) [126], Neutrino-4 [127], Precision Reactor Oscillation and SPECTrum Ex-
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periment (PROSPECT) [128], Sterile Reactor Neutrino Oscillations (STEREO) [129, 130],
Detector of the reactor AntiNeutrino based on Solid Scintillator (DANSS) [131], J-PARC
Sterile Neutrino Search at J-PARC Spallation Neutron Source(JSNS?) [132,133].

The large splittings (O(1 eV?) mass-squared splittings that are much larger than the
two splittings of the standard paradigm) hinted at by the short-baseline anomalies imply
the existence of additional, largely sterile, neutrino mass eigenstates, beyond the three of
the standard scenario. These additional mass eigenstates introduce not only additional
splittings but also additional mixing angles and phases. For simplicity, we restrict our-
selves to the scenario, referred to as 3+1, with only one additional mass eigenstate. In this
scenario, there are six mixing angles (the standard 3 + 0 mixing angles 6,2, 613, 613, and the
3 4+ 1 mixing angles 0,4, 054, 054 ) and three CP-violating phases that can affect oscillation.
The standard Dirac CP phase is associated with the 1 — 3 mixing angle in the standard
parametrization and thus, d;5. For the 3 + 1 scenario, we have chosen the two additional
phases with the 2 — 4 and 3 — 4 mixing angles. The new 4 x 4 mixing matrix will have the

form:
Ut = R(034, 034) R(024, 024) R(014) R(023) R(013, 813) R(612),

where R;;(0;;,0;;) denotes the rotation in ij-th plane. Denoting the mass eigenstates of
3+0, as usual, as v, 15, v3, and the additional mass eigenstate as v4, and defining the mass-
squared splittings as om?; = m? —m3 (i,j =1, 2, 3,4 & i # j), we have, according to the
present data,

(5mil ~ (5m22 ~ 5mi3 >> lém?ﬂ] ~ \(5m§2| >> 5m§1. (3.1)

The presence of sterile neutrino in nature is going to impact the physics searches in
the long-baseline (LBL) experimental data if the interference terms arising due to the ad-
ditional CP phases are not accounted for properly. The impact of the presence of sterile
neutrino is more pronounced around L/E ~ 500 km/GeV at the far detectors (FD) in the
case of LBL experiments. It has been shown [134-157] that even at the FDs of these LBL
experiments, the interference effects provided by the additional CP phases play very sig-
nificant roles in spoiling the sensitivities to the crucial issues of CPV, MH and 0,3 octant.
But the bound on the allowed region of the active-sterile mixing angles 6,4 (i = 1,2, 3)
reduces the uncertainty in interpreting the ambiguities in the result obtained. The search
for the origin of CP violation has been discussed in presence of a sterile neutrino in [141].
Here, x? analysis has been done to study how precisely the DUNE experiment can put
a bound on 64 (01, 414, depending on the parametrization). But the CP phase 434 and its
correlation with other phases have been discussed less. In [148] it has been discussed how
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the Am?, driven oscillations are averaged out at the LBL experiments and d24 is probed
mainly through matter oscillations but it is comparatively cumbersome to put a bound
on dsy.

In this chapter, we aim to study that if sterile neutrino exists in nature, how precisely
the ongoing and future experiments will be able to measure the CP phases. The precise
value of the CP phases will give a measurement of leptonic CP violation which in turn
may answer the long-standing question of matter-antimatter asymmetry in the universe.
We have carried out this exercise in the context of DUNE experiment and eventually
incorporated data from T2K, NOVA, and T2HK experiments. The T2HK projected data
having larger statistics is expected to give improved results. In addition to that, we have
also incorporated the tau appearance channel as a signal (otherwise, mostly considered
as background) in our study. Lastly, we have briefly explored how the parameter space
of the neutrinoless double beta decay phenomenon gets affected by the presence of one
eV scale sterile neutrino.

3.1.1 Method of \* analysis:

The calculation of x? gives the measure of the validity of some theoretical hypothesis
against a set of experimental data. To put it simply, x* measures the amount of deviation

between the following two datasets:
1. The dataset produced by the actual experiment - called the true or simply data.
2. The dataset assuming the theoretical hypothesis - called the test or fit.

The computation of x? for a fixed set of parameters (test) is performed using the method
of pulls [158-161]. This method allows us to take into account the various statistical and
systematic uncertainties in a straightforward way. The flux, cross-sections and other sys-
tematic uncertainties are included by allowing these inputs to deviate from their standard
values in the computation of the expected (test) event rate in the particular bin. The ana-

lytical form is given as:
mode channel bin
A X2 ( ptrue> 1\4[3}11 [ Z Z Z { Zt]ezt test ) Nztjrze ( true)

. . Nltr};e ( ptrue ptrue test 77
+ Nijie*(p™¢) In Nte]st( fest. +Z : Z - (32)

m "Ym
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The superscripts true and test stands for the true and test data sets, respectively. N de-
notes the event numbers and p stands for the set of oscillation parameters. The true
or best-fit values and the corresponding uncertainties of the oscillation parameters are
tabulated in Table 3.1. The indices i, j, k denote the energy bins, oscillation channels
(vy = Ve,vy — vy, v, — v;), and corresponding the modes (v and v), respectively. The
energy bins vary from experiment to experiment and that has been efficiently taken care
of by GLoBES through the plugin snu.c [162,163]. The plugin snu.c takes care of the
new physics phenomenon beyond the three-neutrino oscillation framework in GLoBES.
It handles the extension of the oscillation parameter space in presence of another sterile
neutrino as well as non-standard interaction terms for neutrinos.

Uncertainties in the prior measurement of the ['" oscillation parameter are given by the
parameters . 7, is the nuisance parameter and o, is the corresponding uncertainty.
Now, let us go through equation 3.2 term by term. The first term (N'*" — N'"€) accounts
for the algebraic difference between the two sets of event numbers, whereas, the log-
term gives the fractional difference. The entire expression in the curly brackets consists
of the statistical part of the Ayx? calculation. The term summed over [ takes care of the
uncertainties in the oscillation parameter space and the last term (summed over m) is the
systematic part.

3.1.2 Simulation details:

We simulate the long baseline neutrino experiments DUNE, NOvA, T2K, and T2HK us-
ing GLoBES [164, 165]. DUNE is a 1300 km long baseline experiment employing a liquid
argon far detector (FD) of 40 kt fiducial mass with a beam of power 1.07 MW and running
3.5 years each on v and 7 mode (resulting in a total exposure of roughly 300 kt MW.yr
corresponding to 1.47 x 10?! protons on target or POT). We have used the official con-
figuration files [166] provided by the DUNE collaboration for its simulation. Following
this, we have also taken into account the presence of a near detector (ND) at 459 m from
the source. The ND helps in making a more precise measurement of the flux and cross-
section, thereby reducing the relevant systematic uncertainties at the FD. We should men-
tion here that we have done a x? analysis (discussed later) with the simulated data at FD
alone, rather than a joint x* analysis using simulated data both at ND and FD'. Electron

'Tt is worthwhile to note here that an eV-scale sterile neutrino will have its signature at the ND due to
short baseline active-sterile oscillation and consequently a joint analysis using both ND and FD data would
probably constrain the active-sterile mixing angles slightly more. But our main aim is the analyses of the
CP phases, given the already existing constraints on the mixing angles from the global analysis [167], and
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neutrino appearance signals (CC), muon neutrino disappearance signals (CC), as well as
neutral current (NC) backgrounds and tau neutrino appearance backgrounds (along with
the corresponding systematics/efficiencies etc.) are already included in the configuration
files.

In the present analysis, we have additionally incorporated tau neutrino appearance
as a separate signal following [152,153]. Charged current interaction of an incoming v,
produces a 7 lepton (requires a threshold energy of 2 3.4 GeV for the incoming v;), which
can decay hadronically (with a branching fraction ~ 65%) or leptonically (with a branch-
ing fraction of ~ 35%). The analysis of the hadronic decay channel involves the capability
of the detector to study the resulting pions and kaons. More importantly, NC neutrino
scattering constitutes the biggest background for the hadronic decay channel of 7. Fol-
lowing [152], we have used an efficiency to separate 30% hadronically decaying 7 events
(with about 1% NC events remaining). On the other hand, the leptonic decay channels of
T (17 = e Uevr; T~ — pu”p,v,) are more difficult to analyse, due to the large background
mainly consisting of v.-CC and v,-CC respectively (along with backgrounds from NC
and contaminations due to wrong sign leptons.). Following [153], we have taken the effi-
ciency of the electron channel to be 15%. Due to the overwhelming background, we have
taken a nominal efficiency of 5% in the muon channel. Naturally, the contribution of the
leptonic decay channel of 7 is very small. We should also mention here that the decay
of 7 at the detector will involve missing energy in the form of an outgoing v, which in
turn makes the energy reconstruction of the incoming v, difficult. From [152], we use a
Gaussian energy reconstruction with a resolution of 20% which is a conservative estimate.
We acknowledge that our implementation of the v, channel as a signal is conservative in
nature. Nevertheless, this provides small but non-negligible statistics in terms of events
and x? sensitivity. Using a much more sophisticated analysis of v, appearance channel at
DUNE by implementing jet- clustering algorithms and machine learning techniques, as
has been pioneered in [168], one certainly expects to exploit the rich physics capabilities
hidden within this channel.

We have simulated NOvA with a baseline of 800 km employing an FD of fiducial mass
of 14 kt and a beam of 742 kW. The simulation for NOvA was implemented according
to [169] which generates 8.85 x 10% (12.33 x 10?°) POT in v () mode. T2K is a 295 km
experiment with a 22.5 kt water Cherenkov FD. For T2K simulation we use the inputs
from [70,170]. We have used a beam of 515 kW and simulating 1.97 x 10** (1.63 x 10*)

this would have more observable signals at the FD, especially in neutrino appearance measurements [136]
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POT in v (7) mode. T2HK is an upgraded version of T2K with a higher beam of 1.3 MW
and a much bigger fiducial mass of 187 kt of its water Cherenkov FD. For T2HK we
simulate a total of 2.7 x 10?2 POT in 1:3 ratio of v and v mode (with inputs taken from
[171,172]). Note that, for the future experiments DUNE and T2HK we have used the full
expected exposure, while for the currently running experiments T2K and NOvA we have
simulated up to their current exposure.

3.2 Effect of new CP phases on probabilities

In the current analysis, we are trying to find out the effect of the CP phases in LBL ex-
periments. Our initial motivation is to derive the form of the probabilities (P(v,, — v.),
P(v, = v,),and P(v, — v;)) in an added sterile flavor picture in the neutrino sector. The
expression for these probabilities in presence of matter becomes extremely cumbersome,
hence, we have presented the analytical form of the same in vacuum to get hold of the
understanding of the underlying physics and to draw a conclusion of the results as we
move further. The first notable change comes in terms of the mixing matrix and we have
adopted the following parametrization [136]:

Ut = 3(9347 534)3(924, 524)3(914)3(923)R(913> 513)3(912)’ (3'3)

where R(6;;,0;;) is a rotation in the ij—th plane with an associated phase ¢;; such that, for
e.g.,

10 0 0
00 cos O34 e~ 34 gin B,
0 0 —62634 sin 934 COS 634

The mixing matrix introduces three new mixing angles and two new CP phases. By ana-
lyzing data from several neutrino experiments [167] bounds on the values of these param-
eters have been estimated. We start from the term U4 element in the 4 x 4 mixing matrix
which can be bounded by the v, and 7. disappearance channels. We have found that
combined atmospheric data from IceCube, DeepCore, and SK, at 99% C.L. (2 DOF) give
us |Ueu4)? < 0.1 (which implies 614 < 18.4°). Whereas, the best-fit value is: |Ux|? =~ 0.01,
which gives 6,4, ~ 5.7°. The muon disappearance channels (both v and 7) put constraints
on |U,4|(= cos b4 sinbyy) and |U,4|(= cos 014 cos B4 sin f54). Data from these disappearance
searches give the following bounds at 99% C.L. (2 D.O.E): |U,4]? < 0.01 and |U4|* < 0.17
which translates into fy, < 6.05° and 034 < 25.8°, respectively. The allowed value for
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Amj, lies in the range 1 — 10 eV? and we take it to be 1.3 ¢V? as per global analysis in the
current work.

Now we follow the prescription in section [2.1] and arrive at the oscillation probability
for the transition v, — vz(a, 5 = e, i, 7, s and a # ) in 3 4 1 scenario.

P25t = 4|UasUgsl? x 0.5
- 4Re(Ua1U§1U;2U52) Sin2 Agl + ZIm(UalUEIU&Um) sin 2A21
— 4RE(UQ1U;1U;3U53) sin2 Agl + QIm(Ua1U§1U33U53) sin 2A31
— 4Re(Ua2U§2U;3U53) sin2 Agg -+ 21m(Ua2U;2U;3U53) sin 2A32, (35)
Am?jL
iE
unitary and the term containing mass square splitting between m, and m; (i = 1,2,3),

where A;; = . In this exercise, it has been assumed that the 4 x 4 mixing matrix is
ie., sin? Ay; and sin 2A average out to 0.5 and 0, respectively at long baseline (i = 1, 2, 3).
Moreover, in long-baseline experiments, the effects due to Am3; on the oscillation are
negligible. Using these assumptions we have derived the analytical form of the dominant
oscillation channel v, — v.:

1
dv c 2 4v
P ~5 sin 20,

1
+ (a® sin® 2057 — 1 sin® 26013 sin” 2607 ) sin® Ay,

+ cos(d13 + doq)asin 292’2 sin ZOﬁZ cos 20,3 sin? Ay

+ sin(dq4)ba sin 29;‘;’; sin? 0,3 sin 2A4;

1
+ 5 sin((513 + (524)@ sin 2&21; sin 29;4;/ sin 2A31, (36)

where we have followed the convention of [136] for the following quantities.

. 3 I .
sin 28;; = sin 2043 sin 053,
b = cos 013 cos O3 sin 26,5,
3 4 _ . .
sin QQuZ = sin 2644 sin O94,

a = cos 014 cos Oay.

Equation 3.6 tells us that in vacuum P(v, — v,) is sensitive to both d;3 and &4, but not
to d34. As explained in [136], small dependence on d34 creeps in when matter effect is
taken into account. The expressions for the less dominant channels P(v, — v,) and
P(v, — v;) can similarly be derived from equation 3.5. We have implemented Gen-
eral Long Baseline Experiment Simulator (GLoBES) [164, 165] and the relevant plugin
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Parameter Best-fit-value 30 interval 1o uncertainty
012 [Deg.] 34.3 31.4-37.4 2.9%
613 (NH) [Deg.] 8.58 8.16 - 8.94 1.5%
013 (IH) [Deg.] 8.63 8.21-8.99 1.5%
023 (NH) [Deg.] 48.8 41.63 - 51.32 3.5%
03 (IH) [Deg.] 48.8 41.88 - 51.30 3.5%
AmZ, [eV?] 7.5 x 107° [6.94 - 8.14] x10~° 2.7%
Am3, (NH) [eV?] | +2.56 x 1073 | [2.46 - 2.65] x1073 1.2%
AmZ, (IH) [eV?] | —2.46 x 1073 | -[2.37 - 2.55]x 1073 1.2%
913 (NH) [Rad.] —0.87 [—m, 0] U [0.87, 7] —
613 (TH) [Rad.] —0.467 [—0.867, —0.17] —
014 [Deg.] 5.7, 10 0-18.4 o(sin® f14) = 5%
04 [Deg.] 5,6 0-6.05 o(sin? fy) = 5%
034 [Deg.] 20, 25 0-25.8 o(sin? f34) = 5%
094 [Rad.] 0,—0.5m [—7, 7] -
034 [Rad.] 0,—-0.57 [—7, 7 —

Table 3.1: Standard oscillation parameters and their uncertainties were used in our study.
The values of 3+0 parameters were taken from the global fit analysis in [115] while the 3+1
parameter values were chosen from [167]. If the 30 upper and lower limit of a parameter
is z,, and z;, respectively, the 1o uncertainty is (x,, — ;) /3(z, + 2;)% [116]. For the active-
sterile mixing angles, a conservative 5% uncertainty was used on sinf;, i=1,2,3).

snu.c [162,163] to derive the probabilities for different oscillation channels in the case of
DUNE experiment (baseline length 1300 km). The results are shown in figure 3.1 where
we have plotted the bands by varying 13, d24, 034 in the range [—m, 7] for three oscillation
channels (P,., P, P,-) in three consecutive panels. The grey, blue and red band manifest
the effect of variation of the standard Dirac CP phase ¢;3, new sterile CP phases d24 and
34, respectively. We have kept the values of the active-sterile mixing angles constant at
bha = 10°,024 = 6°,054 = 25° which are slightly higher. While varying each CP phase
we have kept the values of other two phases constant at 4,3 = —0.87 (the current best-fit
value), d24 = 0 and 34 = 0. Now in figure 3.1 (A), the v, — v, channel is most affected
by 4,3 and the effect of the sterile phase ¢, is slightly larger than that of J3, as we can see

from equation 3.6 that the impact of J34 only comes from matter effect. In figure 3.1 (B),
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Figure 3.1: We show the probability bands due to individual variation of the CP phases 413 (grey), d24
(blue), and 634 (red) in the whole range of [—, 7] at a baseline of 1300 km. The three panels correspond
to the three channels P(v, — v.), P(v, — v,) and P(v, — v;). The insets in panels (A) and (B) show
magnified versions of the rectangular regions indicated. The three active-sterile mixing angles were taken
as 014 = 10°,024 = 6°,034 = 25°. The values of the rest of the oscillation parameters were taken from
table 3.1. The normal hierarchy was assumed for generating this plot.

we can see that the effect of CP phases are minimal in the case of P(v, — v,,). P(v, — v;),
on the other hand, is more prone to the variation of 4,5 in comparison to the disappear-
ance channel. As expected?, the CP phases have a larger impact on appearance channels

in comparison to the disappearance channels.

3.3 Correlation among the new CP phases

In this work, we have estimated how efficiently all the CP phases (413, d24 and d34) can
be reconstructed considering their Ayx? correlation with each other. Figure 3.2 shows the
reconstruction of the CP phases at 1o C.L. in the (test d;3 - test d24), (test d;3 - test d34) and
(test 094 - test d54) planes, respectively. The red contours depict the reconstruction capabil-
ity of DUNE experiment. The green and blue contours show the reconstruction capability
when data from T2K & NOvA, and T2K, NOvA & T2HK are combined with DUNE data,
respectively. The top and bottom row manifest the two sets of choices for the true values
of the new sterile CP phases (624 and d34): in the top row, we have taken the CP conserving
scenario, whereas, in the bottom row we have taken the maximal CP violating scenario.
The test values of the poorly measured oscillation parameters, 013, 653, Am3, (for both the
mass hierarchies), have been marginalized with prior and uncertainties mentioned in ta-

ble 3.1. Also, test values of the active-sterile mixing angles ;4(i = 1,2, 3) and the third CP

2In equation 3.5 for & = f3, the imaginary part in the RHS vanishes, diminishing the effect of the CP
phases.
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phase absent in each plane have also been considered for marginalisation.
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Figure 3.2: Reconstruction of the CP phases, taken pairwise at a time, at a C.L. of 1o (2 D.O.F.) at DUNE
(red), DUNE + T2K + NOVA (green), and DUNE + T2K + NOVA + T2HK (blue). The top (bottom) row
corresponds to the choice da4 = 034 = 0 (—7/2). The true value of the standard Dirac CP phase d;3 is fixed
at —0.87. The black dot indicates the true values assumed. The true values of active-sterile mixing angles
are taken as 614, 024, 034 = 5.7°,5°,20°. Other oscillation parameters were taken from table 3.1.

The reconstruction of the CP phases largely depends on the precision of the measure-
ment of the corresponding mixing angle and among the three mixing angles in question
613 has been measured very precisely. It is also evident from the contours as they are nar-
rower along the test §;3 axis in comparison to the other two phases. For the maximally
CP violating choices of true d,4 and true ds4, their reconstruction gets better at the cost of
small degeneracies appearing for DUNE around test do4 ~ 135°, d34 ~ 90°. But as we in-
corporate data points from several experiments (T2K, NOVA & T2HK) the degeneracies
are lifted.

In figure 3.3 we have shown how efficiently the long baseline experimental data can
reconstruct the CP phases at 1o C.L. Here, individually, all possible true values of the CP
phases have been varied in the whole parameter space (¢ [—m,7]). The three columns
show the reconstruction of the three CP phases and the true and test values along the
axes. The top and bottom row manifests the difference in reconstruction in the case of the
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Figure 3.3: Reconstruction of the CP phases 813, 624 and 34, for all the choices of their true values in
[-m,m]ata C.L. of 1o (1 D.O.F) at DUNE (red), DUNE + T2K + NOVA (green), and DUNE + T2K + NOVA
+ T2HK (blue). The top (bottom) row corresponds to the choice of the active-sterile mixing angles as true
014,024,034 = 5.7°,5°,20° (10°,6°,25°). The true values of the phases not shown in a panel are fixed at:
013, 624 and 034 = —0.87,0 and 0, respectively. In the first column, the grey shaded regions depict the 3o
allowed values measured by T2K [170].

true values of the smaller and larger active-sterile mixing angles, respectively. The choices
have been made in line with the limits on the parameter space discussed in section 3.2.
Marginalization has been done in each panel over test values of the above-mentioned pa-
rameters (i.e., 013, 023, Am3,, 014, 0o4, 034) and also over the two CP phases not shown in the
axes over the entire parameter space. For each true value of the CP phase marked on X-
axis the vertical width of the contour gives an estimation of how precisely the reconstruc-
tion can be done. In the first column, we can see that LBL experiments can reconstruct
013 much more efficiently in comparison to d24 and ds4. This is also indicated in figure 3.1
left column where we can see that electron appearance channel is more sensitive to the
variation of d;5 and least sensitive to d34. The reconstruction of 4,3 doesn’t vary much in
the case of smaller or larger active-sterile mixing mentioned in the two rows, respectively.
Now, T2K data [170] indicates that the allowed region for ;3 is [, 0] (shaded in grey in
the left column) with a best-fit value around the maximal CP violating value (~ —7/2).
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In case this holds true, future analyses done with a combination of (DUNE, NOVA T2K,
T2HK) with the proposed runtime will be able to do a more precise approximation in
the range of [-115°, —75°] at 1o C.L. The reconstruction is slightly better closer to the true
value 6,3 = 0° which is the CP conserving value. The middle and right column shows sig-
nificant change in the reconstruction for the smaller and larger values of the active-sterile
mixing angle. A larger mixing angle leads to a better sensitivity in the measurement of do4
and d34 in the case of LBL experiments. It should also be noted that the sterile phase d,4 is
reconstructed with more precision in comparison to ds4. In the top row of figure 3.3 with-
out considering the T2HK-projected data, d»4 shows better reconstruction in the lower
half region (i.e., [0, 7]) but in the upper half region, the values are unbounded. The T2HK
experiment can provide larger statistics due to a shorter baseline and larger fiducial mass
of the water Cerenkov detector. Hence, the addition of T2HK-projected data phenome-
nally changes the reconstruction in the entire parameter space. In the right column, the
reconstruction scenario for ds4 is poor for both choices of the active-sterile mixing angles
in absence of T2HK-projected data. For e.g., the combination of DUNE, NOVA and T2K
simulated data fails to put any bound on the reconstructed value of d34 at 1o C.L. in the
range [—135°,—90°] for smaller values of the mixing angles (top row). But clearly, the

degeneracies can be alleviated with more statistics from the future experimental data.

3.4 Effect of different channels

In this section, we will discuss how different channels can impact the reconstruction of
the CP phases in LBL experiments. Here we have just considered the simulated data from
DUNE experiment and aimed to reconstruct the CP phases pairwise (as done in figure 3.2)
at 10 C.L. The cyan contour in figure 3.4 gives the uncertainty in the measurement of the
phases for the data in the electron appearance channel. Reconstruction gets improved
as the tau appearance channel and muon disappearance channels are added as shown
in grey and red contours, respectively. The red contours in all three panels are identical
to those on the top row of figure 3.2. In the case of ;3 reconstruction, the addition of
channels doesn’t improve the bound much which in turn consolidates the contribution
of v, channel in the said measurement. We can see from figure 3.1 (C), that in the case
of the tau appearance channel, the dependence of the phase d3,4 is significant. But in the
current experiments, there are larger uncertainties in the case of v, events in comparison
to v, events. As a consequence, in the case of figure 3.4 (B), we can see that the bounds
on the reconstruction of d3, don’t improve at x? level by the addition of v, — v, channel.
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Whereas, in figure 3.4 (C), the grey contour shows a slight improvement in the recon-
struction of ds34 by the addition of v; channel. The reconstruction of 24 and 34 gets re-
fined particularly by the addition of v, disappearance channel and the effect is prominent
in the third panel. The reconstruction contour shrinks to give a bound to the parameter
space. Next, we discuss the correlation of the phases and the active-sterile mixing angles
and at what precision they can be measured in the present framework.

Figure 3.5 shows the efficacy of LBL experiments in the reconstruction of the active-
sterile mixing angle in correlation to the CP phases at 10 C.L. The phases and angles in
question are shown along the rows and columns, respectively. The ranges of the mixing
angles are chosen as per the discussion in section 3.2. Combining NOVA and T2K data to
DUNE improves the precision of measurement in all the panels whereas, adding T2HK
projected data gives a tighter bound to the parameter space. The test values of the angles
are varied up to their upper limit at 99% C.L.: 014 < 18.4°, 054 < 6.05°, 054 < 25.8°, and the
true values to be reconstructed were 0,4 = 5.7°, 054 = 5°, 034 = 20°

The span (horizontal and vertical) of the resulting contours gives an estimate of the
uncertainties in measuring the mixing angles (614, 624, 654) and the CP phases (913, 024, d34),
respectively. It should be noted that in the first row ;3 has less uncertainty as we have
concluded from the previous results. In the third column, we note that as the value of 654
increases the uncertainty also increases. This is an indication of the difficulty of measur-
ing 034 through experiments which in turn results in a poor reconstruction of the associ-
ated CP phase d34. To have a quantitative idea about the potential to reconstruct the true
values of the active-sterile mixing angle ;4 (i = 1,2, 3), we calculate how much the total
horizontal span of each blue contour is. From this, we estimate the maximum range of
uncertainty (to obtain a conservative range) in reconstructing 6,4, and tabulate these below
in table 3.2.

Angle | Value to be reconstructed | Reconstructed range
[Degree] [Degree]
04 5.7 3356014 591
024 5 32565456
O34 20 9.0 S 054 525

Table 3.2: The maximum reconstructed ranges for 14, 624, 034 as estimated from figure 3.5
for DUNE + T2K + NOvVA + HK.
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Figure 3.4: Reconstruction of the CP phases, taken pairwise at a time for three different channels at
DUNE at a C.L. of 1o (2 D.O.E). for v. appearance channel (cyan), v. + v, appearance channel (grey), and
all channels (red). The three panels depict the test values of the three CP phases. The true values for the CP
phases were assumed as 013, 024,934 = —0.87, 0,0 and the true active-sterile mixing angles were chosen as
014,024,034 = 5.7°,5°,20°. The black dot indicates the true values assumed.

LD L= LA e e s e B s

3s. [ DUNE

= o0 M DUNE + T2K + NOvA
£ 45 M _DUNE+T2K + NOVA + HK

0 2 4 6 8 10 12 140 1 2 3 4 5 0

Test 0,4 [Deg.] Test 0,4 [Deg.] Test 034 [Deg.]

Figure 3.5: Reconstruction of the CP phases in correlation with the mixing angles 614, 624, 34 at a C.L. of
lo (2 D.O.E) at DUNE (red), DUNE + T2K + NOVA (green), and DUNE + T2K + NOVA + T2HK (blue).
The three columns and rows depict the test values of the three active-sterile mixing angles and the three CP
phases, respectively. The true values for the CP phases were assumed as d13, d24, 034 = —0.87,0,0 and the
true active-sterile mixing angles were chosen as 014, 624, 034 = 5.7°,5°,20°. The black dot indicates the true

values assumed.
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3.5 Effect of the new phase on neutrinoless beta decay

Till now we have discussed the CP phases in the framework of oscillation experiments.
In this section, we will examine their impact on another observable, i.e., neutrino-less
double beta decay(NDBD). The lepton number violating NDBD process will have a non-
zero contribution in case the sterile neutrino is a Majorana particle. When 6, is non-zero,
the effective mass for NDBD process is [173]:

Mege = M1 |Uet|* + mao|Uso|?€™®? + ms|Ues|?€™® + my|Uny|*e™|, (3.7)

where ay, ag, oy are the relevant CP phases. We have followed the parametrization given

in equation 3.3. The relevant elements of the mixing matrix are as follows.
Uer| = cracrizcua, [Ueo| = sizcizcia, [Ues| = s13¢14, [Uea| = sin b4 (3.8)

The expression for the half-life of 0v 3/ transitions can be given as [174],

1
7o = Gou |Myn, + My, (3.9)
1/2
where,
Uz-m» V2.mp
y =, N = 3.10
n m. ULy M ( )

In the above equation, m; is the mass of active neutrino and U,; is the PMNS mixing;
whereas, 0., is the mixing among the active and sterile and J/; is the corresponding mass
of heavy sterile. The reference masses m. and m, are chosen to be electron and proton
masses, respectively. In the above, M, and My are the nuclear matrix elements (NME) for
the exchange of light and heavy neutrinos, respectively.

The values of NME and phase space factor G, can be found in Ref. [177]. The half-life
of 0v2f3 is can generally be given as [178]

1

/,l/ .
Ky et 3.11
T2 ° T (p?) — M? ( )
Here, Ky, = Go,(Mym,)? and (p?) = —memp/\/\j‘[—f. j is the combined number of light

and additional heavy neutrino states. ;; and ©.; are the masses of neutrino states and
the mixing with active neutrinos, respectively. Experiments have been performed for

over a decade to tighten the lower bound for 77/, for NDBD transformation. the most
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Figure 3.6: Effective mass of NDBD versus the smallest neutrino mass. The left and right panels show
the case of NH and IH, respectively. The red (blue) region corresponds to 3+0 (3+1) scenario, labeled as SM
(Sterile). The region hatched with blue cross lines represents Am3, = 1.3 eV2. The vertical light grey region

is excluded by Planck data at 95% C.L. [175], while the horizontal dark region shows the 90% sensitivity
from GERDA [176].

conservative values have been obtained from germanium-76, Xenon-136, and Tellurium-
130 [179] isotopes. GERDA-II experiment has given a value of TIO/”2 > 8.0 x 10% year for
Gel™ [180] at 90% C.L., whereas, KamLAND-Zen experiment X139 data has been able
to put a bound at 77}, > 1.07 x 10*° year at 90% C.L. [181,182].

In figure 3.6 we show how the effective mass for the standard 3 + 0 scenario changes as
we introduce the 3 + 1 scenario. Here we have used equation 3.7 and varied the lightest
mass. The two panels indicate the NH and IH, respectively. We consider a variation of
Am?, (for NH), and Am?, (for IH) in between (1-10) eV>. The CP phases ay, a3, and ay
have been varied in between —7 to 7. The other oscillation parameters follow the values
tabulated in table 3.1 [115] as applicable for NH and IH. 107 iterations have been carried
out for each value of the lightest mass. The red and blue regions show the variation
of |meyss| in the case of 3 + 0 and 3 + 1 scenario, respectively. It is apparent from the
figure that |m.| can be significantly large when Am?, is large and hence, constrained
from the experimental constraints. To correlate the parameter space with our discussion
in the previous sections about the oscillation phenomenon, we have marked the region
corresponding to Am?; = 1.3eV? with blue cross lines. Eventually, the blue regions can be
seen to be shrinking and it gets down below the GERDA exclusion limit. For NH, there
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is a complete cancellation of m in the 3 + 0 case when the lightest mass approximately
lies in the range of 10® — 102 eV. On the contrary, for 3 + 1 scenario there is no such
complete cancellation in this region (due to the dominance of the m,-term in equation 3.7
in this range) but it happens when the lightest mass is greater than 10~2¢V. However, for
IH, 3+0 case shows no total cancellation (dominant m,-term in equation 3.7), while there
is a total cancellation in the 3+1 case in the range mentioned. These results are compatible
with [173].

3.6 Summary

In this chapter, we have discussed about the presence of an eV-scale sterile neutrino (in
the oscillation framework) as a possible solution to SBL anomaly and have analyzed with
what efficiency the present and future LBL experiments (DUNE, T2K, NOVA, T2HK)
can probe the oscillation parameters. We have mainly focussed on the new CP phases
(013, 024, 034). Initially, we have studied how the variation of these phases can impact the
probability curve for different oscillation channels. We have followed the constraints on
active-sterile mixing from global analyses in this work. While estimating the capability of
the LBL data to probe the phases, we have concluded that v, — v, channel contributes the
most in terms of constraining the parameter space, the contribution from v, — v, channel
is also significant (because of the larger statistics), whereas, the contribution from v, — v,
channel is lesser but it helps in exploring the d;4 — 034 parameter space in particular. We
have done marginalization over all the poorly measured oscillation parameters in this
entire work. During the reconstruction of the CP phases individually, we have found that
024 and 034 can’t be reconstructed very efficiently with DUNE, T2K and NOVA data. But
the inclusion of T2HK projected data attenuates the degeneracy significantly. We found
that if the active-sterile mixing angles turn out to be lying close to their current upper
limits, the enhanced sensitivities to the associated phases make the reconstructions of
024 and 34 much better. In comparison, we get tight bounds for the standard CP phase
013 throughout the exercise. The precision of measuring 4,3 remains unchanged in the
case of addition of another sterile flavor and it has slight modification over the entire
allowed range of active-sterile mixing. Further, we have studied the precision of probing
the parameter space associated to one CP phase and one active-sterile mixing angle. We
have drawn the conclusion that the parameter space associated with 6,4, can be probed
more precisely in comparison to the other mixing angles. Finally, a brief discussion has

been done on the relevant parameter spaces in NDBD phenomenon and how they get
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modified in presence of a sterile neutrino.
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Chapter 4

Probing the Left-Right Symmetric Model
in neutrino oscillation data

41 Introduction

Analyses of the neutrino experimental data accumulated in the domain of solar, reactor,
and accelerator neutrinos have given us strong evidence of oscillation of massive neu-
trinos [32,51]. Even though the neutrino mass is orders of magnitude smaller than the
charged leptons, the search for mass generation is an important study. The oscillation
experiments have been able to measure the mass-squared differences for the neutrinos
which are Am3, and |Am2,|. It can be concluded that at least two of the three active neutri-
nos have non-zero masses. But the results from the oscillation data have not been able to
determine the absolute magnitude of the neutrino masses. There are several mechanisms
explored in the literature that account for neutrino mass generation. One of the salient
mechanisms is the seesaw mechanism [39, 100]. It explains the generation of neutrino
mass through the presence of a new right-handed (sterile) neutrino which introduces a
mass scale higher than that of the electroweak scale.

The transformation of neutrinos is presented as (1, 2, -1) under the Gauge group
SU(3)c x SU(2)L x U(1)y in SM. A gauge singlet Majorana mass term can’t be written in
the case of neutrinos. Also, the absence of the RH neutrinos doesn’t allow a Dirac mass
term.

The initial solution to this problem can be the addition of a singlet right-handed neu-
trino v,z which transforms as (1, 1, 0) under the mentioned gauge group. Then one can

write the neutrino mass term in terms of Yukawa couplings:
1. -
'Cmass = _§hijwiLij¢- (41)
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Thus when symmetry breaking occurs, ¢ acquires a vacuum expectation value (VEV) v
and the neutrino gets a Dirac mass mp,; = h;;v. But to be consistent with the smallness of
the neutrino mass, one needs a very small Yukawa coupling, compared to that of charged
leptons and quarks. There is no theoretical understanding of such a fine-tuned Yukawa
coupling. Additionally, accidental B — L symmetry in the SM prevents the neutrinos to
have Majorana masses. To tackle this problem, there are models which attempt to ex-
plain the origin of neutrino mass by invoking dimension-5 operators of the form vv¢¢/A
(where A is a mass scale much higher than the electroweak scale) and applying the seesaw
mechanism. In this mechanism, after electroweak symmetry breaking, neutrino obtains a
mass of %, which explains the smallness of neutrino mass, because of the suppression by
a high scale A.

4.2 Left-Right Symmetric model:

One of the most popular classes of neutrino mass models that naturally invokes the see-
saw mechanism (so-called type-II seesaw) is the Left-Right Symmetric Model (LRSM) [39,
183-186]. One starts with the SM gauge symmetry SU(3)c x SU(2), x U(1)y, which can
explain the V' — A structure of the weak interaction and parity violation, which is reflected
by the trivial transformation of all right-handed fields under SU(2),. However, the ori-
gin of parity violation is not explained within the SM, and the LRSM is motivated by a
quest to seek an explanation for parity violation starting from a parity conserved theory
at some higher energy scale. In LRSM, one extends the gauge group SU(2), x U(1)y to
SU(2), x SU(2)g x U(1) g1, where the fermions are represented by the following.

lL = (VL> ~ (2717_1)7 ZR = (VR> ~ (1a27_1)a
er, €R

qL = (2L> ~(2,1,1/3); qr= <ZR> ~ (1,2,1/3). (4.2)

L R

LRSM is thus a simple extension of the Weinberg-Salam theory incorporating the right-
handed neutrino. The foundation of the model is that Parity is an explicit symmetry until
spontaneous symmetry breaking (55B) occurs. The SSB occurs in the following two steps
by the introduction of two Higgs scalars ¢ and ¢.

SU(Q)L X SU(Q)R X U(l)B_L — SU(Q)L X U(l)y with <§>
SU2) x U(l)y = U(1)em with (o)

0,

4
£0. (4.3)
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¢ belongs to a triplet representation of SU(2)r with the representation (1, 3,2) and the

Higgs doublet ¢ is taken as (2, 2,0). £ can be represented in a 2 x 2 matrix form,

1

\/§Ui£i7

such that ¢ transforms under SU(2)p as € — ugfuk. To understand the U(1)y charge

§ (4.4)

content of £, we note that under a U(1)y rotation,

o3 03
a0

£ — e e = —ig(E 4] 5 ) +..=&— Zg (

&/V2 2(& +i&)/V2
: Y )+...(4.5)

Thus the U(1)y charge content of ¢ is,

+ \/5 ++
- 3 /0 €+ . (4.6)
& —E/V2
The electromagnetic charge is given by,
3 3 3, 1
Qem:[L+Y:[L+IR+§‘ (47)
When £° develops a VEV V,
0 0
= : 4.8
o=(t) »

then SU(2);, x SU(2)g x U(1)p—_r, breaks to SU(2);, x U(1)y (see equation 4.3). The EM
charge assignment of the Higgs doublet ¢ is,

N o
= . 4.9
’ <¢5 qb%) )
If ¢ develops a VEV,
0
(¢) = (0 ) ) (4.10)
2

the second step of SSB (equation 4.3) occurs. Let us now look at the relevant Yukawa
Lagrangian (we only discuss the part involving the interactions of the triplet ¢ that are
relevant for our subsequent neutrino oscillation phenomenology) [187].

LD Yoslk, Cioollsr, + Ny ionllep + h.c., (4.11)
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where Y5 (o, 8 = e, 11, 7) parameters denote the Yukawa couplings and C denotes the
charge conjugation operator. Using the representation of { (equation 4.6), we can now
write [188],

LD Yo [0 pvsr — %ﬁ (ISgvar + VSRlsr) — €IS RIsL) + hec. (4.12)
The range where the triplet scalar masses M, which are assumed to be the same for all the
members of the triplet are much higher than the EW scale. At this mass scale one can use
the Effective Field Theory (EFT) approach to obtain an effective low-energy Lagrangian
valid for the energy scale under consideration. The effective Lagrangian is obtained by
integrating out the heavy triplet scalar fields and is defined as follows.

3
exp [z / d4x£eff] = exp [z / d4x£5M] [[p&Det exp [z / d{wg}. (4.13)
=1

The effective Lagrangian L.y can be shown to have a power series expansion of the form,

1 1
,Ceff =Lsy+ —Ly—s + —

7 i Log+ .= Lons + 0Laes + Las + ... (4.14)

The dimension-5 and dimension-6 terms of the effective lagrangian provide the neutrino
mass term and the non-standard interaction (NSI) term of neutrinos, respectively [189-
191]:

m Ya5>\¢1j2 _ 1 _
El/ = M2 I/SRyﬁL = _§(ml/)a,3 VgRV,BL y
3

Y, 5Y1 _
Lyst = % <77QLWVBL> (%LV“%L); (4.15)
3

where v(~ 174 GeV) denotes the VEV of the SM scalar Higgs field. m, is the neutrino
mass matrix and will be explained shortly.

4.3 Non-Standard Interaction parameters and their correla-
tion to LRSM parameters:

It is theoretically well-established that NSI which arises naturally in most of the neutrino

mass models can be of charged-current (CC) or neutral-current (NC) in nature. Both of
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them can be described with a dimension-six operator in the four-fermion effective La-
grangian [34,192,193],

Lxc-xst = —2V2Gp Z €£g(ﬂa’YHPLVB)<JF%PCf)a (4.16)
@,B8,1.C

Loc-nst = —2V2Gp Z é?igc(ﬂaW“PLlﬁ)(J?/%PCfL (4.17)
a.B.f'f,C

where, P denotes the chiral projection operators P, or Pr. The dimensionless coefficients

ef g in equation 4.16 denote the strength of NSI between the leptons of flavors « and 3

(o, B = e, p, 7), and the first generation fermions f € {e, u, d}.
In the present work, we are interested in NC-NSI which is relevant for neutrino prop-

agating through the earth’s matter. The NC-NSI couplings are parameterized by
N N
m 2 : A E : fL IR f
€ocﬂ = f_eudgaﬁﬁe = f_€Ud(€a6+€a6> E . (418)

Here, Ny is the first generation (e, u, d) fermion number density in the ambient medium.

The effective matter potential is then given by

m m m
14+el el €

eu et

— mx m m
Vi=A| e en e |, (4.19)

m* mx m

667' EH/T E’TT

where A = \/2Gr N, and N, is the electron density along the neutrino propagation path.
The relevant effective hamiltonian for neutrino propagation will then be given by,

X 0 0 0
H=—|U|o0 Am2, 0 |U+V], (4.20)
0 0 Am

where U is the 3 x 3 unitary PMNS mixing matrix. Equation 4.20 can be used to calculate
the oscillation probability P, ., = | (vs| e """ |v,) |*.

Now comparing equations 4.16 and 4.15, we can establish the following relation be-
tween the LRSM parameters (namely the triplet mass M, and its coupling A\, with Higgs)
and the NSI parameters ¢/ [187,188].

M

= (M) op(M))ap. 4.21
= gy e @)
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In the context of long-baseline experiments since neutrinos propagate through the earth’s
matter, mainly electron-type NSI will contribute to the matter potential and we can write
Enp = €a3- The above equation 4.21 thus simplifies to,

Mg 8\/§Gpv4eglﬁ

= . (4.22)
2
|>\¢‘ (mI/)e,B (m;r/)ae
The neutrino mass matrix that appears in the denominator is defined as,
m? 0 0 1+el—en, o em
(m,)?=U] 0 mj 0 |U'+4 em 0o em |- (4.23)
0 0 mj g e el —en,

Note that in equation 4.23 we have subtracted a common diagonal term e, since it
will have no physical effect on the final result. From equation 4.22, it is clear that the
more constrained the couplings of 7);, the tighter will be the upper limits on the LRSM

2
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Figure 4.1: We show the probability band for the T2K experiment due to the variation of NSI parame-

ters €., and €., through green and magenta shaded regions, respectively. We have varied both the NSI
parameters within the range of [0, 1] at a baseline of 295 km.
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In figure 4.1, we have shown how the probability of the disappearance channel may
change in presence of NSI in the long-baseline (295 km) experiment T2K. We have consid-
ered the v, — v, transition since it is one of the dominant channels in the signal. The black
dashed curve gives the probability of v, — v, transition in a standard three-neutrino os-
cillation scenario. The NSI parameters ¢.,, and ¢., have been varied in the range [0, 1], one
at a time while all the other ¢,4’s are taken to be zero. The corresponding phases are also
taken to be zero. The green and magenta shaded regions give the variation in the proba-
bility curve as the NSI parameters <., and e, vary, respectively. At around £ = 0.55 GeV,
we can see a significant effect of the presence of NSI. The non-zero value of ¢, within
the mentioned range can increase P,. by ~ 33%, whereas, ¢.. can decrease the same by
~ 50%. The sensitivity of the long-baseline neutrino experiments to NSI couplings can
indirectly probe the LRSM parameters as a function of the oscillation parameters using
equation 4.22. We use the available data from the currently running LBL experiments
NOvVA and T2K for this analysis. In the next section, we sketch our simulation details

and numerical procedure.

4.4 Simulation details:

In this study, we have used the results of the analyses of available data of the currently
running LBL experiments T2K and NOVAas our inputs. T2K has a baseline of 295 km
starting from J-PARC accelerator facility in Tokai to the far detector at Kamioka. The
water Cherenkov far detector has a fiducial mass of 22.5 kt. The experiment uses a beam
of 515 kW, delivering 1.97 x 10%! (1.63 x 10!) Protons on target or POT in v () mode. T2K
has a dataset of 318 (137) events in v, () channel and 94 (16) events in v, (.) channel, also
14 events in v, channel from 7 decay [194]. Further details of experimental configurations
and the analyses of data by the collaboration have already been discussed in literature
[195,196]. NOVA is another ongoing LBL experiment with a baseline of 800 km and
employing a liquid scintillator far detector with a fiducial mass of 14 kt. NOVA uses
a beam of 742 kW generating a POT of 8.85 x 10% (12.33 x 10%) in v (v) mode [197].
NOVA has a sample of 211 (105) events in v, (v,) channel and 82 (33) events in v, (77)
channel [198]. In literature there exist several recent studies [199-201] that attempt to fit
the available T2K and NOVAdata with vector NSI parameters. In the present study, we
start from the following best-fit values for the NSI parameters from Tab. 2 of [201]. For
the case of normal ordering (NO), the best-fit values are |e.,| = 0.19, |e..| = 0.28, |e,,| =
0.35, ¢ep = —0.57, ¢ = —0.47, ¢,,- = 0.67. For inverted ordering (IO), the estimated best-
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fit values are |e.,| = 0.04, |e.,| = 0.15, |e,r| = 0.17, ¢y = —0.57, per = —0.547, ¢, = 0.147.
We then proceed with our analysis in two steps. At first, we use these values as the
true values of the NSI parameters and estimate the capability to reconstruct these in the
simulated data of future LBL experiments DUNE, T2HK, and T2HKK. In the next step,
the limits on the NSI parameters obtained from the allowed region contours are then
translated to the LRSM parameters (the procedure is explained in more detail in the next
section) to estimate the capability of future LBL experiments to probe LRSM parameter
space. Below we give brief descriptions of the three future LBL experiments that we
simulate using GLoBES [164,165] and its add-on snu.c (for implementing NSI physics).

DUNE is a 1300 km long baseline experiment from Fermilab to South Dakota with a
liquid argon far detector (FD) of 40 kt fiducial mass. We prepare the GLoBES configu-
ration files from the information in the Technical Design Report of DUNE [116,202]. We
use a 120 GeV proton beam of power 1.2 MW and of running 5 years each on v and v
mode (resulting in a total exposure of roughly 480 kt MW.yr). The flux, cross-sections,
migration matrices for energy reconstruction, efficiencies efc. were implemented accord-
ing to the official configuration files [202] provided by the DUNE collaboration for its
simulation.

T2HK is an upgraded version of T2K with a higher beam of 1.3 MW, offering a sub-
stantially higher exposure of 2.7 x 10?2 POT per year. The two water Cerenkov Hyper-
Kamiokande detectors are located at a baseline of 295 km, at an off-axis angle of 2.5°
from the J-PARC neutrino beam in Japan. For the GLoBES simulation of T2HK, we con-
sider a total fiducial mass of the far-detector as 374 kt (two detectors of 187 kt each)
and a total runtime of 10 years (2.5 years in ¥ mode + 7.5 years in the ¥ mode in or-
der to have equal weightage from both polarities). The inputs (including the back-
ground /systematics/energy resolutions etc.) for preparing the GLoBES configuration
files were taken from [114,203].

T2HKK is another proposed setup for T2HK such that one detector (187 kt) is placed
at a baseline of 295 km in Japan and the second detector (187 kt) is placed in Korea at
a baseline of 1100 km, in order to probe the second oscillation maximum as well as to
have access to more matter effects [204]. In our GLoBES simulation of T2HKK, we have
taken the same configuration files as in T2HK with the detectors placed at two different
baselines as stated above.
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4,5 Results:

In figure 4.2, we illustrate the allowed regions at 68% and 90% confidence levels (C.L.) in
the plane of LRSM parameter (M¢/\s)? and the atmospheric mixing angle 653 when one
off-diagonal NSI parameter is present at a time. The top (bottom) row shows the results
with T2K (NOvA) available data. To fit the NSI parameter (thereby the LRSM parameter
(Mg/)4)?) and the standard parameter 653, we marginalized over 6y, 613, dcp, Am3,, Am3,
(including both the hierarchies) and also over the corresponding NSI phase (¢, or ¢.., as
the case may be). Note that, we have allowed the NSI parameters €., and ¢, to vary in the
range [0, 1], since a too large a value will defy the current constraints in the global anal-
yses [205]. This has restricted our range of the LRSM parameter (Mg/)\;)? up to roughly
12 x 10%*. Also, we have not discussed ¢, since there is already very tight constraint on
it from Super-Kamiokande [206] as well as the global analyses [205].

For T2K, the presence of either NSI parameter ¢, or ., points to roughly simi-
lar values for (M¢/\;)? and 6a3. For 6,3, both the octants of 3 are allowed by T2K
data. Irrespective of the allowed octant of 0,3, T2K indicates a non-zero value of the
LRSM parameter (M¢/\s)? at 68% C.L. In presence of e, (g.,), (Me/Ny)? 2 4(5) x 10%
at 68% C.L. for lower octant. For higher octant, while ¢, points to a bounded region:
0.5 x 102 < (M¢/Xg)* S 11 x 10*, ., only points to (Me/s)? 2 1.5 x 10** in the range of
parameters shown. Interestingly, the NOvA dataset is able to narrow down the allowed
regions to a much-restricted set of values. Though NOVA is estimated to show degenera-
cies in fp3 octant at 90% for €., only a small higher octant solution survives at 68% C.L.
The corresponding value of (Me/),)? is roughly less than 2.5 x 10%%. For .., NOVA data
is able to exclude almost all the parameter space under consideration at greater than 90%
C.L., except for only a very tiny region around 3 ~ 50.5° and (M¢/)\s)? < 0.5 x 10?4, The
difference in baseline length of T2K and NOvA (295 km vs 810 km) as well as higher peak
energy of the neutrino flux (0.6 GeV vs 1.8 GeV) allows more matter effect in NOvA and
thus constrains the NSI and LRSM parameter more stringently. We have checked that the
range of values of (Mg /)\,;)? is approximately in the similar ballpark with [188], where the
authors explore the dependence of the smallest neutrino mass on LRSM for the DUNE
projected data.

In figure 4.3, we show similar allowed regions by considering the diagonal NSI param-
eters €., and ¢,,, taken one at a time. For the diagonal NSI parameters, our analysis esti-
mates a higher octant solution for both T2K and NOvA, again visibly more constraining

in the latter case. We also note that the allowed regions are approximately independent of
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Figure 4.2: The allowed regions in the parameter space of (M¢/\y)? and 623 are shown for the confidence
levels of 68% (blue) and 90% (green). The top and bottom rows refer to the T2K and NOvA experiment, re-
spectively, while the two columns indicate the presence of three single off-diagonal NSI parameters present

at a time (indicated as labeled). The Normal hierarchy was assumed and the lightest neutrino mass is 0.1
eV.

the value of the LRSM parameter, thereby hinting at the worsening sensitivity to LRSM
in presence of diagonal NSI. We have not shown ¢, since it can be safely subtracted from
e and ., without any physical impact on the analysis (see equation 4.23).

In figure 4.4, we illustrate the allowed regions in the parameter space of the LRSM
parameter and the standard Dirac CP phase dcp. Here we have marginalized over
012, 013, 023, Am3,, Am3, (including both the hierarchies) and also over the correspond-
ing NSI phase ¢, or ¢.,. At 68% C.L., in presence of ¢.,, T2K restricts allowed values
of dcp to the lower-half plane (¢ [—m, 0] approximately). At 90% C.L., the allowed val-
ues of dcp also extend to the upper-half plane for (M¢/\s)* ~ (6 — 9) x 10**. NOVA,
on the other hand, allows all écp values for small LRSM triplet Higgs mass to coupling
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Figure 4.3: Similar to figure 4.2 but shown for the diagonal NSI parameters.

ratio((Mg/Ay)? >~ (1—3) x 10?*), but prefers the CP phase to lie largely in the range —45° to
135° for larger LRSM parameter. This implies a somewhat complementary nature of T2K
and NOvVA while probing the CP phase, and this is consistent with the analyses by the
collaboration while fitting the CP phase in the standard scenario [198,207]. In presence
of €,-, T2K again rules out a large part of positive values of écp at 68% C.L. (less so at
90% C.L., but the pattern of the allowed regions remains qualitatively similar). For e,
NOVA is more restrictive compared to €., (as also observed for figures 4.2 and 4.3), and
the allowed value of the LRSM parameter is estimated to be lying at less than 6 x 10*
at 68% C.L. (around dcp ~ —7/2). We note that the shapes of the allowed contours in
figure 4.4 are roughly in agreement with the previous analyses where T2K and NOvA
data (available at that time) were fit with NSI [199,200]. Overall it is clear that when the
CP phase dcp is kept free, the contours become less constraining, as compared to the case

when the mixing angle 6,3 is allowed to vary.
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NSI considered:
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Figure 4.4: Similar to figure 4.2 but shown as a function of the Dirac CP phase dcp. Blue (green) contour
indicates 68% (90%) C.L.

While probing the LRSM parameter with the diagonal NSI, the complementary nature
of T2K and NOVA (in ruling out the CP phase values at a given C.L.) becomes more
apparent. While T2K shows only slight dependence on (M;/\,)* without an upper limit
in the range discussed, NOvVA actually restricts its upper limit to around (7 — 8) x 10%.

Figure 4.6 illustrates the upper limit on M, /|\,| as a function of the lightest neutrino
mass m;. The lowest or the most conservative estimate for the upper limit from all the
NSI parameter is reported here for a given value of m;. This is a similar strategy followed
in [188]. It shows that the upper limit on M/|\s| gets constrained rather steeply for
m; < 50 meV, and then slightly slows down to become roughly 3.5 x 102 when m; > 50
meV. Figure 4.7 shows that for an estimated constraint on M;/|\,| (for a fixed m; = 0.1
eV), how the individual triplet scalar mass M, and the coupling A, are allowed to vary.
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NSI considered:
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Figure 4.5: Similar to figure 4.4 but shown for the diagonal NSI parameters.
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Figure 4.6: Shows how M¢/|\,| is constrained as a function of the lightest neutrino mass m1. NOvA data
was used for this figure.
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Figure 4.7: For a given constraint on M¢ /||, this figure illustrates how much each quantity can vary.
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4.6. SUMMARY:

4.6 Summary:

In this chapter, we have done a brief discussion on the Left-Right Symmetric Model that
spontaneously incorporates the popular seesaw mechanism for neutrino mass genera-
tion. We have identified the relevant LRSM parameters M, (mass of the triplet scalar) and
the Higgs-triplet coupling A, in our study. We have implemented the low-energy effective
field theory approach and explained how the LRSM parameters are related to the NC NSI
interactions. We have shown how the effect of the NSI parameters can be probed through
long-baseline neutrino oscillation experiments. Here, we have extracted available data
from two ongoing experiments: NOvA and T2K. We have used the GLoBES framework
to estimate the LRSM parameters by probing the NSI couplings. The variation in the
ratio of the LRSM parameters (M;/),)? has been shown in correlation to the poorly mea-
sured standard oscillation parameters ¢»3 and the Dirac CP phase dcp. Even though the
LRSM parameters could not be constrained tightly, 6,3 has indicated higher octant solu-
tions for both T2K and NOVA experiments. NOvA data have shown tighter constraints
for 053. Whereas, in the case of dcp the two experimental data have implied complemen-
tary results. Depending on the physics capabilities of the two experiments, we are able
to estimate restrictive upper limits on the LRSM parameters. We have demonstrated the
mentioned constraints in terms of the lightest neutrino mass as well.
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Chapter 5

Investigating the new physics scenario in
the P20 experiment

5.1 Introduction

Lorentz invariance comes as a natural consequence of local relativistic quantum field the-
ory. The violation of Lorentz invariance may occur if the locality of the theory is given up
and is expected to be suppressed by Planck mass ( Mp ~ 10" GeV). Lorentz invariance
violation (LIV) can be probed at a low energy scale through coherence, interference, and
extreme effects. One example of interference is neutrino oscillation in long-baseline (LBL)
experiments [208-211]. Now, for these experiments, the neutrino beam passes through
the earth’s crust and the matter effect can give a CPT violation-like signal. The effects
of CP and T violation have been studied for appearance and disappearance channels by
varying both the baseline and energy for neutrino oscillation experiments [142]. This
study has helped to disentangle the matter effect and the effect due to CPT violation and
matter effect in the standard oscillation scenario.

The effective Hamiltonian in the case of ultra-relativistic left-handed neutrinos is given
by [212]:

miﬁ 1 B pv
op +Vas t E(“L Pu— CL PuDv)ap (5.1)

The indices « and 3 indicate the neutrino flavors. p, and E are the four-momenta and

(Hepf)ap = Edap +

energy of the neutrinos. The first two terms in the equation are the standard kinematic
terms; the term V3 arises due to matter-induced potential, and the last term in the paren-
theses denotes the LIV terms, respectively. The terms a;, and c;, are the CPT violating and
CPT conserving terms, respectively [213]. The current work deals with the isotropic com-

ponents of the LIV parameters. For the matter effects, since, it’s the earth’s crust, we only
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consider the potential that arises due to the CC events with the electrons and neglects the
effects due to other interactions. Introducing the ultra-relativistic limit (equation 2.20),

we get the following form of the Hamiltonian [214]:

. 0 0 0 100
Hepp = U 0 Amjy 0 | UT+V2GpN | 0 0 0
0 0 AmZ 000
Qee  Qey  Aer 4 Cee Ceu Cer
+ ag, Quu Qur | — gE Cop Cup Cur (5.2)
a:'r a:lr Qrr CZT C:LT Crr

In equation 5.2 the first term signifies the Hcyum part of the Hamiltonian for left-
handed neutrinos. Whereas, the second term is H,,.u.r Which consists of the induced
potential. Gz is the Fermi coupling constant and V. is the number density of electrons
in the medium. The —4/3 factor corresponding to the last term arises due to the non-
observability of the Minkowski trace of c;. It should be noted that the contribution of
LIV in oscillation through a.s (o, 8 = e, i, 7) is proportional to the neutrino baseline L
and the contribution through ¢,z is proportional to L/E. Constraints on ¢,3 have been
studied extensively in the context of atmospheric neutrinos by the Super-Kamiokande
collaboration. They have studied the effect of LIV for path lengths varying from 15 to
12,800 km and energies ranging from 100 MeV to 100 TeV [208,215].

The proposed P20 experiment [88,216-218] will have a baseline extending approxi-
mately 2595 km from the Protvino accelerator complex to the ORCA /KM3NET detector
at the Mediterranean, - both of which are already existing. P20 baseline is most sensitive
to the first v, — v, oscillation maxima around 4-5 GeV. Neutrino interaction around this
energy is dominated by Deep Inelastic Scattering which is relatively well described theo-
retically, compared to, for e.g., 2-2.5 GeV (for DUNE) where resonant interactions and nu-
clear effects can potentially impact the measurements more significantly [219-224]. Such
a very long baseline and relatively higher energy of the oscillation maxima give P20 an
excellent level of sensitivity, especially towards neutrino mass ordering. As has been illus-
trated in reference [225], the P20 baseline is favorable to determine mass hierarchy also
due to the much less interference by the hierarchy-CP phase degeneracy. The very large
detector volume of 6 Mt at ORCA will allow the detection of thousands of neutrino events
per year even with a very large baseline and a moderate beam power, - subsequently of-

fering sensitivities to neutrino mass ordering, CP violation, and #,3-octant that are com-
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5.2. SIMULATION DETAILS:

petitive with the current and upcoming long-baseline neutrino experiments’ [218, 226].
Recently it has been proposed that it is also possible to reach unprecedented sensitivity
to leptonic CP violation at P20 using tagged neutrino beams by utilizing the kinemat-
ics of neutrino production in accelerators and recent advances in silicon particle detec-
tor technology [227]. In recent years, there has been some interest in estimating the new
physics capabilities of P20. Reference [228] discussed the sensitivity reach of P20 to Non-
unitarity of the leptonic mixing matrix and also estimated how it will affect the standard
physics searches. The authors of [225] discussed the possible optimization of P20 in order
to explore non-standard neutrino interactions.

In this chapter, we analyze the capabilities of P20 to probe violations of Lorentz invari-
ance and CPT symmetry to estimate the constraints that can be put on these new physics
parameters. We have considered the upcoming experiments P20 and DUNE with base-
lines of 2600 km and 1300 km, respectively. Our motivation is to investigate if better

constraints can be put on the parameters with a longer baseline.

5.2 Simulation details:

Due to the large fiducial mass of the water Cherenkov detector at ORCA, P20 is expected
to provide good statistics, even with moderate beam power and runtime. In the current
manuscript, we aim to probe the sensitivity of the P20 experiment (in addition to the
DUNE experiment) to put a bound on LIV parameters.

In this work, we simulate the LBL neutrino experiments DUNE and P20 using
GLOoBES [164,165]. DUNE is a 1300 km long-baseline experiment employing a liquid
argon far detector (FD) of 40 kt fiducial mass with a beam of power 1.07 MW and running
3.5 years each on v and 7 mode (resulting in a total exposure of roughly 300 kt MW.yr
corresponding to 1.47 x 10! protons on target or POT). We have used the official configu-
ration files [166] provided by the DUNE collaboration for its simulation. Charged current
(CC) electron neutrino appearance signals, muon neutrino disappearance signals (CC),
as well as neutral current (NC) backgrounds, and tau neutrino appearance backgrounds
(along with the corresponding systematics/efficiencies efc.), are already included in the
configuration files.

P20 (Protvino to ORCA) is a proposed long baseline neutrino experiment with a base-

P20 in its nominal configuration with a 90 kW beam, can resolve mass ordering with > 6o sensitivity
in 5 years of running, and also has a projected sensitivity of more than 3¢ to f3-octant with 3 years of
running. With a 450 kW beam, it can offer 2o sensitivity to dcp after 3 years of operation.
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line of nearly 2595 km from the Protvino accelerator complex, situated at 100 km south of
Moscow to the site of ORCA (Oscillation Research with Cosmics in the Abyss), hosting 6
MT a Cherenkov detector located 40 km off the coast in South France, at a mooring depth
of 2450 m in the Mediterranean sea. ORCA is the low energy component of the KM3NeT
Consortium [229], with a primary goal of studying atmospheric neutrino oscillations in
the energy range of 3 to 100 GeV in order to determine the neutrino mass ordering. Cur-
rently, 10 lines (i.e., detection units) of the ORCA detector are live and taking data. A
full ORCA detector is expected to have 115 lines and foresees completion in subsequent
phases around 2025 [230]. Construction of the neutrino beamline and relevant upgrada-
tion of the accelerator for the P20 experiment is expected to be completed in a few years.
Assuming a favorable geopolitical situation and available funding, the P20 project in its
nominal configuration might be realised during the next decade [231]. We simulate the
nominal configuration? of P20 experiment using a 90 kW proton beam with a runtime of
3 yrs. in v and 3 yrs. in 7 mode, - corresponding to a total POT of 4.8 x 10?°. The baseline
mostly passes through the earth’s upper mantle with an average density of 3.4 g/cc and
the deepest point along the beam being 134 km [232]. The fluxes, detector response pa-
rameters, detection efficiencies, signal and background systematics etc., corresponding to
our nominal P20 configuration were taken from [218,229].

We have attempted to see how the LIV parameters can be reconstructed considering
their Ax? correlation with each other and also with the oscillation parameters. Here we
follow the method of Ay? calculation from section 3.1.1. The Hamiltonian in equation 5.2
has been incorporated in GLoBES using the plugin snu.c [162,163] which handles the ster-
ile and non-standard interaction parameters in neutrino oscillation. But in this case, we

have modified the probability function in snu.c to study the LIV parameters accordingly.

5.3 Effects of the LIV parameters on the oscillation proba-
bilities:

To find the impact of the LIV parameters in long-baseline (LBL) experiments, we first
have a look at the probability distribution. We have taken the non-zero value of one a.z
at a time to assess the role of individual LIV parameters.

In figure 5.1 the probability distribution is given as a function of the energy P20 ex-

There are proposals for using an upgraded proton beam with 450 kW power and also to use the Super-
ORCA detector with denser geometry, lower energy thresholds and better flavour identification capabili-
ties [218].
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Figure 5.1: The probability curve for P20 experiment in presence of non-zero LIV parameters ( a.. =
Qep = Qer = auyu = a,r = 5 x 1023 GeV). The top and bottom rows give the probability distribution
for appearance and disappearance channels, respectively. The left and right columns give the probability
distribution for neutrino and anti-neutrino modes, respectively.

periment can probe, i.e., up to 12 GeV. The black dotted curve gives us the distribution
in absence of LIV while the colored curves demonstrate the effect of LIV on probability.
We have taken the same numerical values of different LIV parameters to display their
effects uniformly. We have taken the phase values ¢,3 corresponding to the off-diagonal
elements (a.3, @ # () to be zero as well. Here we can see that fluctuation in the proba-
bilities due to non-zero values of the LIV parameters are manifested more in the case of
P,, and P,, in comparison to P,. and P, (please note, the scales for these two channels
are different). In the disappearance channel, the effect of the non-zero value of the LIV
parameter a,, is more distinct. It reduces the probability in the neutrino mode and in-
creases the probability in the anti-neutrino mode by ~ 5% at E' = 12 GeV. Whereas, for
the appearance channel P,., the non-zero value of a., reduces the probability by ~ 2.5%
around the second oscillation maxima.
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5.4 Results:

In this section, we will discuss the results obtained in the analysis. While doing the Ay?
calculations we have taken the true values of the oscillation parameters as mentioned in
table 2.1. We have done marginalization over the poorly measured oscillation parameters
(013, 023, cp, Am3, (for both mass hierarchies)) with the mentioned prior and uncertain-
ties shown in table 2.1. The gIbChiNP function in GLoBES has given us a scope to imple-
ment the marginalization during the Ay? calculation more efficiently without increasing
the computation time. We have taken the true values of the LIV parameters, including
the relevant phases, to be zero.

5.4.1 Correlation among the LIV parameters

Next, we have demonstrated how the experiments can reconstruct the LIV parameters in
correlation to each other. In figure 5.2 and figure 5.3 the x? distribution of the test param-
eters in correlation are shown as realized by P20 projected data. The solid and dotted
lines give the 30 and 20 contours, respectively. While doing these statistical calculations
we have marginalized over the test values of 63, 613, Am3, (normal or inverted mass hi-
erarchy) and also the relevant phases of the non-diagonal LIV parameters (varying over
the entire parameter space [0, 7]). It can be observed that test a.s (5 = e, i, 7) has tighter
bounds in comparison to other LIV parameters. But from the bottom panel of figure 5.4,
we can see that adding DUNE simulated data improves the efficiency of measurement
of a,, parameter almost by one order. Fig. 5.5 shows the x? correlation among the off-
diagonal LIV parameters themselves (|ac,|, |ac-|, |a,-|) and also between the two diagonal
parameters a.. and a,,,, for P20 and (P20+DUNE). The improvement by the combined
analysis is especially prominent for the most impactful parameter space a.,, — a.. (top left
panel of Fig. 5.5).

5.4.2 Correlation of the LIV parameters with the oscillation parameters

In figure 5.6 we demonstrate how efficiently LBL data can reconstruct the LIV parameters
in correlation to the CP phase dcp. The LIV parameters are varied along the x-axis and
the CP phase is varied along the y-axis encompassing the entire range [—7, 7|. At 30 C.L.,
P20 simulated data fails to give any bound on the values of the CP phase but has tighter
bounds in the case of a.. and a.,. The 20 contour for P20 simulated data tightens the

bounds for the LIV parameters, and marginalizing also shows some exclusion regions
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Figure 5.2: Sensitivity of simulated P20 experiment to the LIV parameters pairwise. The solid and dotted
lines mark the 30 and 20 confidence level (C.L.), respectively.

for écp in correlation with a,3(8 = e, u, 7). Adding DUNE simulated data changes the
scenario drastically. The allowed regions shrink considerably around the true values in
the parameter space. We still have the degeneracy along a... The contours in the bottom
panel (with the off-diagonal terms of the LIV parameters) are not closed because we have
taken the modulus(|a,s|) of these parameters while marginalizing over the phase factors
(¢ap) which take care of the sign of these parameters.

Here in figure 5.7 despite of choosing a higher octant true value for 6,3 we get a degen-
eracy in the lower octant region in the case of a., and a., reconstruction despite of taking
023, true = 48.8°. Even then, the value for maximal mixing (i.e.f>3 = 45°) lies in the exclu-

sion region. But in the case of a., a,,, and a,, the degeneracy in 03 is lifted when we
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Figure 5.3: Sensitivity of simulated P20 experiment to the LIV parameters pairwise. The solid and dotted
lines mark the 30 and 20 C.L., respectively.

combine DUNE and P20 simulated data. The allowed region discards the lower octant
values.

We already know the bounds on the standard oscillation parameters as shown in ta-
ble 2.1. If the phenomenon of LIV is true in nature, the P20 simulated data along with
DUNE can lift the fake octant degeneracy in 6,3 in correlation to the LIV parameters.

5.4.3 Bounds on the LIV parameters

We aim to study the likelihood of the P20 experiment to put a bound on the values of the
LIV parameters. Figure 5.8 shows the Ax? distribution of each test parameter individu-
ally at 1o level. The blue curve gives the distribution for P20 experiment only. Here the
values of test a.. have been from —40 x 1072* GeV to 40 x 107** GeV, test a,,, has been
varied from —10 x 1072 GeV to 10 x 1072* GeV [214]. The off-diagonal parameters have
the form a,ge=s. But as we add the simulated data from the DUNE experiment, we can
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Figure 5.4: Reconstruction of the LIV parameters taken pairwise at 20 and 30 (2 D.O.E) C.L. at P20 (blue)
and P20+DUNE (magenta). The true values of the LIV parameters are taken at zero.

see the bound on the LIV parameter values get tighter. Also, we can see that at 95% C.L.
the degeneracy on the bounds on «.. is lifted. One significant feature can be observed
in the panel where the x? distribution of the test LIV parameter a.. is shown. It has two
minima, one at a.. = 0 which was anticipated because we have taken the true value of
all the LIV parameters to be 0. Another minima occurs at a.. = —24 x 10~* GeV for P20
experiment and a.. = —22 x 1072 GeV when the simulated data from P20 and DUNE is
combined. This second minima arises due to the interference term in the electron sector
in the matter-induced CC potential.

We have given the bounds on the LIV parameters obtained from this study at 95%
C.L.in table 5.1. As we can also see from figure 5.8 the steeper x? curves for the combined
simulated data from P20 and DUNE have given us tighter constraints in comparison to
previous studies. One significant conclusion is the elimination of the degenerate region
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Figure 5.5: Reconstruction of the LIV parameters taken pairwise at 20 and 30 (2 D.O.E) C.L. at P20 (blue)
and P20+DUNE (magenta). The true values of the LIV parameters are taken at zero.

in the case of a...
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Figure 5.6: Reconstruction of the LIV parameters in correlation to the CP phase dcp at 20 and 30 (2
D.O.E) C.L at P20 (blue) and P20+DUNE (magenta). The true value of 6cp has been taken to be —0.8.

Parameter Existing bounds Bounds from this work
(x107%) [GeV] (x107%) [GeV]
Qee [—25 < @ee < —20] U [—2.5 < aee < 3.2] —2.093 < e < 2.728
Ay —3.7 < ay, <48 —1.504 < ay, < 1.660
|yl 0.7 0.467
|Ger | 1.0 0.599
la,-| 1.7 1.370

Table 5.1: Bounds on the LIV parameters as obtained from the projected LBL data (P20
and DUNE combined) at 95% C.L. in comparison to the bounds shown in [214].
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Figure 5.7: Reconstruction of the LIV parameters in correlation to the mixing angle 6,3 at 20 and 30 (2
D.O.E) C.L at P20 (blue) and P20+DUNE (magenta). The true value of 053 has been taken to be 48.8°.
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Figure 5.8: Expected sensitivity of DUNE and P20 experiment to the LIV parameters at 1o level. The
black dotted line indicates the 95% C.L.
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5.5 Summary

In this chapter, we have discussed the effect of Lorentz violation on neutrinos. We start
with the Hamiltonian for the neutrino propagation in the matter in presence of the LIV
terms. We check how the non-zero values of LIV parameters a,s alter the probability in
LBL experiment P20 in different channels in the observable range of energy. We chose the
relevant signals, namely, the v, disappearance channel and the v, appearance channel for
our work. Next, we proceeded to do a Ax? analysis to estimate the capability of the future
LBL experiments DUNE and P20 to probe the LIV parameters in correlation to each other,
pairwise. We have followed the constraints on the LIV parameters from global analyses.
We have also studied the potential of the mentioned future experiments to probe the
poorly measured oscillation parameters 6,3 and dcp in correlation to the LIV parameters.
We have concluded that when projected data from DUNE and P20 are combined the
bounds on ¢ p favors the result from recent global analyses. Also, in correlation to the
diagonal terms in a,3 matrix, the value of 3 favors the higher octant. Finally, we have
evaluated how future LBL experiments can probe the LIV parameters individually. We
observe a steeper Ax? distribution with larger statistics and tabulated the bounds on the
parameters at 95% C.L.
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Chapter 6

Michel study for medium energy 7
production

6.1 Introduction:

Currently, a prime focus of neutrino experiments is to answer the open questions in neu-
trino oscillation. New experimental facilities are being developed to study new physics
through the phenomenon of neutrino oscillation. To get better precision in the measure-
ment of the observables, one needs to understand how the neutrinos interact with the
detectors, i.e., with the nuclei. A better understanding can lead to the reduction of sys-
tematic uncertainty. MINERVA (Main INjector ExpeRiment for v-A) experiment provides
crucial information about neutrino-nuclei interaction by using Neutrinos at the Main In-
jector (NuMI) beam [233] on both heavy and light nuclei.

At different energies of neutrinos the nature of the interaction changes. In the low
energy region (< 2 GeV) quasi-elastic (QE) interactions are dominant where the neutrino
gets scattered by the entire nucleus instead of its constituent partons and ejects one or
more nucleons.

vyn — [ p

At a slightly higher energy neutrinos can interact with the nucleons and excite them into

a baryon resonance which eventually decays into final state hadrons:
v N = p~ N*
N* — 7N’

This process is typically known as resonance production (RES). At energy (£, 2 4 GeV)
deep-inelastic scattering (DIS) is the dominant process. In this process, the neutrino scat-
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Figure 6.1: Total cross-section for neutrino per nucleon CC interaction with an isoscalar target divided by
neutrino energy is plotted as a function of energy. The contribution from different processes is marked [234].

ters off a quark in the nucleon via W or Z boson exchange and produces a lepton and a
hadronic system in the final state.

VN — = X
vuN — 1, X

where X denotes a jet of hadrons. Both charged current (CC) and neutral current (NC)
interactions are possible in DIS. The aim of MINERVA experiment is to study these inter-
actions in terms of precise cross-sections. Before going into the details of our study we
will briefly discuss the NuMI beam and the MINERVA experiment.

6.1.1 NuMI beam

We will briefly discuss the NuMI beam facility in Fermilab. This beam facility provides
neutrino for a number of experiments like Muon g-2, DUNE, NOvA, SBN (which includes
the experiments SBND, MicroBooNE, and ICARUS), Mu2e, LArIAT, MINERVA. In this
thesis, a number of these experimental data have been used to explore the new physics
in the neutrino sector. We emphasize the discussion of the NuMI beam as one of the
important neutrino sources used in ongoing and future experiments.
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Figure 6.2: Basic elements employed for NuMI beam (not to scale).
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The beam is designed such that it can produce neutrinos in the 1-10 GeV range. The
Main Injector at Fermilab accelerates the protons at 120 GeV. The proton beam then strikes
the Graphite target over an 8.1 or 9.72 s spill every 2.2 seconds. Incident protons produce
charged pions and kaons which are then collimated by a system of a pair of magnetic
horns. The stream of the mesons is then passed through a 675 m long He decay pipe.
Here, most of the charged particles decay to produce neutrinos and tertiary muons. A
total of 240 m of rock downstream obstructs the majority of muons from entering the
detectors. The small number of muons that escape are called "rock muons" The magnetic
horns can have their polarity changed. For neutrino (anti-neutrino) mode, the horns are
in a forward (reverse) horn current setup. The position of the graphite target with respect
to the horn and the separation between the two horns can be changed to vary the neutrino

peak energy.

6.1.2 MINERVA experiment:

The MINERVA experiment extensively studies the nature of the interaction between the
neutrinos generated by the NuMI beam and different nuclear targets (He, C, Pb, Fe, H,0).
Figure 6.3 gives a schematic view of the MINERVA detector. The left panel is a transverse
view of a single detector module. The right panel shows the side view of the complete
detector which consists of the active tracking region, the nuclear targets, and the electro-
magnetic and hadronic calorimeters. The "veto wall" upstream blocks the lower energy
hadrons from the rock. The horizontal axis of the detector has a 3.4° inclination with
respect to the beam direction. In the detector volume, each module is a hexagonal plane
where an array of triangular polystyrene scintillator strips with a 1.7cm strip-to-strip pitch
are arranged. These hexagonal modules have three different orientations (at 0° and 4-60°
relative to the vertical axis) for an efficient 3D reconstruction of the neutrino interaction
point and the charged particle track. The scintillator strips have a wavelength-shifting fi-
bre that is read out by a multi-anode PMT. The readout electronics have a time resolution
of 3.0 ns to distinguish between different interactions for a single beam spill.

In this work, we have extensively used MINERVA offline framework to do the calcu-
lations and also used Arachne'.

! Arachne is a web-based tool. The data from the neutrino interaction events in MINERVA are fetched
via AJAX from a central server. The client-side JAVA script is then used to draw on the browser window
with the help of the draft HTML5 standard. This entire exercise helps the user to visualize an interaction
event in MINERVA detector very easily on a web browser [235].
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Figure 6.3: A simplified pictorial representation of the detector at rock upstream of the detector hall at
Fermilab along the NuMI beamline [73].

6.2 Pion energy reconstruction:

Charged current pion production by neutrinos having energy O(GeV) is an important
signal for current and future long-baseline neutrino oscillation experiments. A correla-
tion between pion kinetic energy and differential cross-section ddTUW has been estimated by
different models. But at pion KE < 50 MeV MINERVA couldn’t find any data point to sup-
port or discard that model [236]. The pion reconstruction at this energy range becomes
extremely complex at MINERvVA. We aim to reconstruct these lower energy pions to im-
prove the pion energy resolution. Now, if we focus on non-resonant pion production, we
can observe that the low-energy pions decay into muons and further decay into Michel
electrons?.

2The muon decay into one electron and a pair of neutrinos with a branching fraction of ~ 100%. The
shape of the daughter electron spectrum was first calculated by Louis Michel in 1950, and hence, the elec-
tron is named after him [237]
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Figure 6.4: The - for charged current pion production is plotted as a function of pion kinetic energy. A
comparison is done with GENIE, ACS, NEUT, and NuWro models. The inner and outer error bars in data
signify the statistical and total uncertainties respectively [236].

Interestingly enough, these Michel electrons leave tracks of energy hits in the detector.
The interactions go through the following steps:

* NuMI beam enters the MINERVA detector, interacts with the nucleon, and produces
ap~,ant, and a bunch of Baryons (these may contain interaction neutron or proton

and remnant nucleons from the breakup of the target nucleus).
v, +A— pu~ + A + mt+ any number of Baryons

* The pions decay into muons.

™ =y,
¢ The muons further decay into Michel electrons.
pt = et

A schematic diagram of the interaction is given in figure 6.5. Our approach towards

improving the pion energy resolution was by studying the Michel tracks.
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Figure 6.5: Schematic diagram for the interactions leading to Michel electron production.

6.3 Results

To begin with, we tried to find out the correlation between true pion KE and the recon-
structed distance between the neutrino interaction vertex and the starting point of the
Michel track. The correlation was not well-defined at the lower energy of the pions. A
possible explanation could be found in the reconstruction algorithm that calculates the
distance. We started by plotting a histogram to get a pictorial representation of the true
and reconstructed distances between the neutrino interaction vertex and the starting point
of the Michel track, as can be seen from figure 6.5.

In Fig. 6.6 the x-axis denotes the true distance and the y-axis denotes the reconstructed
distance. Each cell denotes the number of events. The efficiency of the reconstruction
algorithm is generally projected as more population along the diagonal of such a plot.
But since we can see that there is a significant number of events that are not reconstructed

properly, we proceeded to look into the algorithm itself. One should note that only the
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Figure 6.6: A comparison between the true and reconstructed distances between the neutrino interaction
vertex and the starting point of the Michel track. Distance 5 is the true parameter and Distance 1 is the
reconstructed parameter.

non-resonant pion production events have been considered where the Michel track is
closer(<30 cm) to the neutrino interaction vertex to focus on the lower energy pions.

Investigating the reconstruction parameters we observed that the reconstructed trans-
verse position of the Michel electron track is the most responsible factor. To get a clearer
understanding the poorly reconstructed events were scanned in Arachne and the reasons
for mis-reconstruction were explored elaborately. We found the following factors to be
responsible for the algorithm to go wrong;:

¢ Neutrino interaction vertex mis-reconstruction: (24.4%)

When a muon neutrino hits the nuclear target in the detector, it emits a muon and a
bunch of other particles. The muon track is traced back and the interaction vertex is
reconstructed. But there are events where the muon track can’t be traced back prop-
erly and the vertex is mis-reconstructed. Hence, the distance between the neutrino
interaction vertex and the starting point of the Michel electron track is calculated
wrongly in 24.4% of cases.

¢ Choosing the wrong Michel track end: (17.5%)

In Arachne, if we look at an event of pion production at energy less than 50MeV,
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we can only see the neutrino interaction vertex and the Michel electron track. Any
of the two ends of the track can be the point where the muon has decayed into the
Michel electron. The existing algorithm chooses the track end which is nearer to the
neutrino interaction vertex. But it happens to be the other end for 17.5% of events.

* Wrong transverse position due to cross-talks: (22.2%)

If the Michel electron has lower energy, the hits on the detectors may have the same
order of energy as the background noise. Due to this noise, the algorithm fails to

calculate the transverse position of the Michel electron correctly in 22.2% of cases.

* Wrong Z-position: (11.4%)

The reason for the determination of the wrong perpendicular position of the Michel
track is as same as the above.

¢ High Michel angle: (15.3%)

If the Michel track makes a large angle with the Z-axis of the detector, the algorithm
tends to fail.

e Others: (9.2%)

In this category, there are events where we were unable to find a reason at all for
the bad reconstruction or are a combination of two or more reasons for poor recon-

struction mentioned above.

Since none of the factors contributed majorly, we were unable to probe a particular
aspect of the reconstruction algorithm. Another alternative approach was taken next. We
studied the efficiency and purity of the reconstruction in terms of the parameters corre-
sponding to the above-mentioned factors for mis-reconstruction. Had there been a drastic
change, one could cut or discard certain events to improve the signal and make a defined
correlation between the pion KE and the distance between the neutrino interaction vertex
and the starting point of the Michel track. To make the task more difficult, the efficiency
and purity plots turned out to be smooth.

At the end of this exercise, we took a simplistic approach. We plotted the average pion
KE for each distance bin and tried to fit a polynomial that will express the pion KE as a
function of the distance.

The black curve is a quadratic polynomial function of the form: y = ag+a;x+asz?. The
values of the coefficients are: aqg = 25.1562 4+ 4.217,a; = 4.0055 4+ 0.1623, a3 = —0.0132 +
0.0013
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Figure 6.7: Average pion KE plotted for each distance bin and a polynomial is fitted through the data
points.

In conclusion, it can be said that the distance reconstruction algorithm fails to recon-
struct a significant number of events for lower energy pions. The responsible factors have
been probed. But improving any one of those could not make a significant difference in

the study. A naive approach could be implemented which is stated in figure 6.7.

6.4 Summary

In this chapter, we briefly discuss about the MINERVA experiment and its physics goals.
We particularly focus on the charged pion production in the area of neutrino-nucleus in-
teraction in MINERVA. The efficient reconstruction of lower energy pions in MINERvVA
becomes complicated. We have proceeded to look into the interactions and found out
that there are several reasons why the reconstruction algorithm didn’t have more accu-
racy. We have pinpointed six distinct reasons. But we have been unable to distinguish
a single reason for the mis-reconstruction that can improve the algorithm significantly.
Finally, we have plotted the average KE of pions for each distance (distance between the
neutrino interaction vertex and the pion decay vertex) bin and fitted a polynomial that
can give a functional dependence of these two parameters. This study may be extended

in the case of anti-neutrino mode, in case of charged current single 7~ production and the
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event selection can be done in such a manner that bypasses the less efficient event recon-
struction. Also, in the case of the 7~ production study, to eliminate the background more
efficiently, one can put a cut on the lower energy =" production events accompanied by
Michel electron candidates.
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Chapter 7

Conclusion

The research and development in the domain of neutrino experiments have given us an
opportunity to study the physics of neutrinos with more precision. In this thesis, we have
studied the capabilities of long baseline experiments to study the BSM physics signatures
like: the presence of light sterile neutrino, left-right symmetric mass model, and Lorentz
invariance violation. We also have studied the neutrino-nucleus interaction in terms of
charged pion production in MINERvVA. The main conclusion from the various studies is

summarised as follows.

7.1 Exploring the new physics phases in 3 + 1 scenario in
neutrino oscillation experiments

In Chapter 3, we have considered the presence of an eV-scale sterile neutrino (the so-
called 3+1 scenario which might turn out to be a possible resolution of the short baseline
neutrino oscillation anomalies) and have analyzed how the present and future long base-
line experiments T2K, NOvA, DUNE, and T2HK can potentially probe the additional
CP phases. We discuss how the three CP phases, namely §;3, 24 and d34 can individ-
ually affect the oscillation channels under consideration and appear in the probability
expression. In light of the constraints on the active-sterile mixing from the global anal-
ysis, we estimate how the LBL experiments can probe the parameter spaces associated
to the CP phases, by taking a pair of CP phases at a time. Though v, — v, oscillation
channel contributes the most in probing these parameter-spaces, v, — v, and to a lesser
extent v, — v, channel also help in exploring the d,4 — 34 parameter space in particular.
By marginalizing over all other parameters we then show how the three individual CP

phases can be reconstructed for all possible true values in the whole range of [, 7]. We
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find that 6,4 and 34 cannot be reconstructed very efficiently by DUNE and also even after
adding data from NOvVA and T2K. But adding T2HK data removes much of the degen-
eracies and the uncertainties in reconstruction become much less. We found that if the
active-sterile mixing angles turn out to be lying close to their current upper limits, the en-
hanced sensitivities to the associated phases make the reconstructions of d,4 and d34 much
better. In contrast, the reconstruction of the standard CP phase 4,3 is much better even in
presence of a light sterile neutrino and this conclusion is almost independent of the size
of active-sterile mixing. We then analyze how efficiently the experiments can probe all
the parameter spaces associated with one CP phase and one active-sterile mixing angle.
It turns out that the parameter regions connected to the angle #;, can be probed relatively
better than those related to the other two mixing angles. Finally, we briefly show how the
relevant parameter spaces in Ovf get modified in light of the active-sterile constraints
used in this analysis. We have seen that the 3 + 1 scenario has better agreement with the
GERDA prediction for the effective mass of the Ov3/ process, in contrast with the 3 + 0
scenario.

The recent data published by MicroBooNE experiment [238] does not support the exis-
tence of light sterile neutrinos conclusively. It opens aspects of new phenomenology such
as the decay of heavy sterile neutrinos or new resonance matter effects in neutrinos. Such
possibilities can be explored in future experiments like SBN, ICARUS, and DUNE.

7.2 Probing the Left-Right Symmetric Model in neutrino
oscillation data

In Chapter 4, we have briefly discussed about the Left-Right symmetric model, one of
the popular neutrino mass models that naturally incorporates the seesaw mechanism.
We have identified the relevant LRSM parameters M, (mass of the triplet scalar) and the
Higgs-triplet coupling A\, and discussed how they are related to the couplings in NC
NSI interactions realized by the dimension-6 operators in a low energy effective field
theory approach. We have extracted the available NOvA and T2K data and have used
the GLoBES framework to estimate the LRSM parameters by probing the NSI couplings.
We illustrated how the allowed regions for the LRSM parameter ratio ((M¢/\s)?) vary
as functions of the poorly measured standard oscillation parameters 6,3 and the Dirac CP
phase dcp. We pointed out how NOVA is much more constraining for 6,3 and how the two
experiments are actually complementary for dcp. Depending on the physics capabilities
of the two experiments, we are able to estimate restrictive upper limits on the LRSM
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parameter. We report this constraint as a function of the lightest neutrino mass (m,) too.
We have seen that the parameter M, /|\,| is steeply constrained when m; < 50 meV and
at m; 2 50 meV the upper limit varies less (around Mg /|\y| ~ 3.5 x 10'?).

In this study, we take M, to be the relevant parameter for the phenomenon of LRSM.
The mass of the scalar triplet can also be measured in the multi-lepton searches in the
upcoming collider experiments. The constraint on the scalar triplet mass will be able to
shed more light on LRSM.

7.3 Investigating the new physics scenario in P20 experi-
ment

We study Lorentz Invariance Violation (LIV) through Planck suppression in long baseline
experiments in Chapter 5. Initially we discuss how LIV affects the Hamiltonian associated
with neutrino oscillation. Then we further proceed to check the effects of the relevant LIV
parameters in terms of oscillation probability (both appearance and disappearance chan-
nels). We have used simulated data for P20 and DUNE experiments to do the relevant
calculations. The main aim of this project was to check that if LIV is true in nature can
we put a bound on the relevant parameter space using the long baseline experiment data.
We have illustrated how the LIV parameter space can be reconstructed using P20 data.
We observe a degeneracy in the value of a.. consistently in correlation to other LIV pa-
rameters. Adding DUNE data does not lift the degeneracy, but shrinks the bounds on
the parameter space significantly. We have also illustrated the reconstruction of the LIV
parameters in correlation to the poorly measured oscillation parameter (023 and 6cp). We
note that the artificial degeneracy in 03 is lifted when the reconstruction is done with
correlation to ac., a,, and a,; combining DUNE and P20 data and our analysis favors
the higher octant space for 3. Finally, we investigate the sensitivity of DUNE and P20
experiments to the LIV parameters individually and get an idea of the bounds of these
parameters at 95% C.L. The bounds on a.. are found to be —2.093 < a.. < 2.728 which
eliminates the degenerate region extracted from previous similar analyses. We also found

improvement in the values of the bounds on other LIV parameters.

7.4 Michel study for medium energy 7" production

MINERVA is a dedicated neutrino-nucleus interaction experiment that can provide cru-

cial information for the oscillation experiments in terms of the physics involved in the
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interaction with the detector as well as with matter. In Chapter 6, we mainly focus on
the 7 production which is widely used as a signal for the oscillation experiments. The
MINERVA detector fails to reconstruct the lower energy pions efficiently. We study these
lower energy pions through Michel electrons and study the interactions event-by-event
to find out the reason for poor reconstructions: the neutrino interaction vertex position
mis-reconstruction, choosing wrong Michel track end, mis-reconstruction in transverse
and longitudinal position of Michel electron are to name a few. We have further stud-
ied the efficiency and purity of relevant parameters to look for a sharp change in them
which could guide us to improve the reconstruction algorithm. Failing to pin-point a
particular parameter we did an average pion KE vs distance (between the neutrino inter-
action vertex and Michel track end) plot and tried to fit a polynomial which can give us
a more accurate pion KE if we know the relevant distance through event reconstruction.
One can look further into the reconstruction algorithm itself to improve the lower energy
pion reconstruction in MINERVA. A more precise reconstruction algorithm may help in
the study of the kinematics of the nuclear effects on the neutrino-nucleus interactions
directly.
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