
Chapter 1

Introduction

“Dear Radioactive Ladies and Gentlemen[,]

As the bearer of these lines, to whom I graciously ask you to listen,

will explain to you in more detail, beacuse of the ‘wrong statistics of N

and Li-6 nuclei and the continuous beta spectrum’, I have hit upon a

desperate remedy to save the ‘exchange theorem’ of statistics and the

law of conservation of energy. . . .”

- W. Pauli, Dec 4, 1930

1.1 β Decay and the Neutrino

In the 1920s, three elementary particles were known: the electron, the proton and

the photon. The models of the atomic nuclei were built out of these particles. A

nucleus of atomic number A and charge Z was assumed to be made of A positive

protons and A-Z negative electrons. As such, beta (β) decay was believed to be

two-body decay process,

N(A,Z) → N(A,Z + 1) + e− (1.1)

This model suffered from three very severe problems:
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1. Order of magnitude of the energy of electrons measured in β-decay:

The electrons emitted in β-decay process were thought to be present in the

nucleus even before the decay. In such cases, their wave function had to be

confined in the nuclear size (of the order of 10−15 m). And, the uncertainity

principle predicts a typical electron momentum and kinetic energy of about

100 MeV. But the observed maximum energies in beta decays were one order

of magnitude smaller.

2. The continuous β-decay energy spectra: If the β-decay takes place as

in Equation 1.1, the electron energy spectra should be a line at the mass

difference m(A,Z) − m(A,Z + 1). But experiments showed a continuous

spectrum ending at that mass difference [1].

3. The nuclear statistics: Between 1928 and 1929, Rasetti measured the

Raman rotation spectra of a number of diatomic gases[2], particularly of

homonuclear molecules likeH2, N2 andO2. The rotational bands he observed

showed a sequence of lines of alternate intensity. From the spectra of Rasetti

and the explanation of Fermi in his book, it was learned that N2 nuclei obey

Bose statistics [3]. However, N2 nucleus contained 14 protons and 7 electrons,

a total of 21 spin-half particles and its spin should have been half-integral.

In 1930, Wolfgang Pauli postulated a hypothesis[4] stating that a new ’invisible’

particle is emitted together with the electron in β-decay, such that the sum of

energies of the particle and the electron is constant. This idea explains the

conitnuous energy spectrum of β-electrons. Enrico Fermi, in 1933, formulated

the theory of β-decay[5] based on Pauli’s hypothesis and the new particle was

named ‘neutrino’ (ν).

Previously, in 1932, J. Chadwick discovered the neutron[6] and its presence in the

nucleus together with the protons could solve the problem of the wrong statistics.

Further, in December 1933, Fermi published his article titled “Tentativo di una

teoria deel’emissione di raggi beta”[7] and in an extended version, in Il Nuovo

Cimento where he explained the theory of β-decay of radioactive substances, built

on the hypothesis that the electrons emitted by the nuclei do not exist before

the decay. Thus, all β-decays were due to the same underlying three-body decay
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process

n→ p+ e− + ν̄ (1.2)

The first-ever experimental evidence of neutrino took place by observing inverse

β-decay reaction in 1956 from the Savannah River reactor plant in South Carolina

by F. Reines and C. L. Cowan[8]. Thereafter, the physics community in various

corners of the world started conducting underground experiments and a few

experiments have been upgraded from time to time to understand this elusive

particle. The other two active neutrinos, viz. muon neutrino (νµ) and tau neutrino

(ντ ) were directly observed in 1962[9] and 2000[10] respectively.

1.2 Neutrinos in the Standard Model

The discoveries of different fundamental particles (including neutrinos) in the

middle of the 20th century necessitated the formulation of a basic theory to

understand the properties of these particles and how they interact. The Standard

Model (SM) [11, 12] of particle physics, which unifies the electromagnetic, weak,

and strong forces, was developed over the course of the second half of the 20th

century. Upon experimental verification of quark existence in the middle of the

1970s, the current formulation was finalised. Mathematically, SM is a non-abelian

gauge theory based on the symmetry group U(1)Y × SU(2)L × SU(3)c. Right-

handed fermions are SU(2) singlets in this model, while left-handed fermion fields

are SU(2) doublets. SM has three generations of leptons and quarks as tabulated

in Table 1.1. Every quark has three SU(3) colour charges: red, green and blue.

The weak force is carried by the W± and Z0 bosons, the electromagnetic force is

carried by the photon, and the strong force is carried by the gluons. By exchanging

Table 1.1: The structure of quarks and leptons in the SM. ‘L’ and ‘R’ stand for
left and right-handed particles.
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Figure 1-1: Measurements of the hadron production cross-section around the Z0

resonance. The curves indicate the predicted cross-section for two, three and four
neutrino species with SM couplings and negligible mass [13].

W± and Z0 bosons, neutrinos interact weakly with the other leptonic fields in this

model. Charge current (CC) interactions are those mediated by the W± boson,

whereas neutral current (NC) interactions are those mediated by the Z0 boson.

The number of light neutrino species in SM with the typical electroweak

interactions can be counted as follows: The Z0 boson can decay to the invisible

νν̄ pairs according to SM. The difference between Z0-boson’s total decay width

and it’s visible decay width is known as the invisible decay width. The sum of

the Z-boson’s partial widths of decay into quarks and charged leptons is referred

to as the visible decay width. The ratio of the invisible decay width of Z-boson

and the it’s decay width to charged leptons (Γinv/Γll) is measured using data

from the LEP, and it is found to be 5.943 ± 0.016. (Γνν/Γll ) is the ratio of

the partial widths to neutrinos and to charged leptons, and its SM value is

1.99125 ± 0.00083. The number of the light active neutrino species Nν can be

calculated to be 2.9840 ± 0.0082 using this formula (Γinv/Γll = NνΓνν/Γll) [13]

. This is consistent with the fact that there are only three light active neutrinos

known from experiments till date.

Even though SM has a strong track record of success in making predictions that

can be verified experimentally and is a mathematically self-consistent model, there
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are some limitations. The neutrinos’ mass is one of them. Prior to symmetry

breaking of the group in SM, the masses of the fermions and gauge bosons are

zero. After the spontaneous symmetry breaking, the Higgs mechanism provides

masses to the gauge bosons. The masses of the fermions are also determined by

the Higgs mechanism. The mass term of the fermions arise from the Yukawa term

which is written as: −yψ̄LψR ⟨ϕ⟩, where y is the Yukawa coupling, ψL , ψR are the

left-handed and right-handed fermionic fields respectively and ⟨ϕ⟩ is the vacuum

expectation value (VEV) of the Higgs field. Because there is no suitable right-

handed partner, neutrinos cannot have a gauge invariant mass term. Due to the

observation of parity violation in weak interactions, right-handed neutrinos are

absent in SM. In 1956, Lee and Yang hypothesised that parity is broken in weak

interactions, as a solution to the τ − θ puzzle[14]. Wu’s experiment was the first

to observe the parity violation in weak interactions. When the nuclear spins of

60Co were aligned by an external magnetic field, an asymmetry in the direction of

the emitted electrons were observed[15]. The decay process under consideration

was

60Co→60 Ni+ e− + ν̄e

It was discovered that the electron’s nuclear spin always acted in opposite direction

to its momentum. In other words, the presence of eL and ν̄R alone can account for

the observed correlation between the nuclear spin and the electron momentum.

The lack of “mirror image” states ν̄L and νR revealed a blatant parity violation.

According to an experimental measurement made by Goldhaber, Grodzins, and

Sunyar in 1958, neutrinos are left-handed and antineutrinos are right-handed [16].

Neutrinos are massless in the Standard Model (SM), but the experimentally

observed phenomenon known as “neutrino oscillation” suggests that neutrinos

have a mass.

1.3 Neutrino Oscillation

The three known neutrino flavour states (νe, νµ, ντ ) are expressed as quantum

superpositions of three massive states νk (k = 1, 2, 3) with different masses mk
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with a 3×3 unitary mixing matrix Uαk(α = e, µ, τ), known as PMNS (Pontecorvo-

Maki-Nakagawa-Sakata) matrix UPMNS[17, 18], given by

UPMNS = Uαk =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


The UPMNS matrix can be decomposed as:


cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1




cos θ13 0 sin θ13e
−iδCP

0 1 0

− sin θ13e
iδCP 0 cos θ13



1 0 0

0 cos θ23 sin θ23

0 − sin θ23 cos θ23

 ·M (1.3)

and characterized by three non-zero angles θkl ∈ [0, π
2
] (k, l = 1, 2, 3 and k < l) and

a charge-parity violating phase δCP ∈ [0, 2π]. The matrix M has a value of detM =

1 for the Dirac neutrinos and M = diag(1, eiα2 , eiα3) for Majorana neutrinos[19].

The mixing angles θkl are associated with solar, atmospheric and reactor neutrinos

given by θ12, θ23 and θ13 respectively, the mass-squared differences i.e. the mass

splitting terms being ∆m2
21, ∆m

2
32 and ∆m2

31 with ∆m2
kl = m2

k −m2
l . Thus, the

PMNS matrix for Dirac neutrinos can be written as:

UPMNS =


c12c13 s12c13 s13e

−iδCP

−s12c23 − c12s13s23e
iδCP c12c23 − s12s13s23e

iδCP c13s23

s12s23 − c12s13c23e
iδCP −c12s23 − s12s13c23e

iδCP c13c23

 (1.4)

The mass splitting terms can be expressed as:

∆m2
21 = m2

2 −m2
1, ∆m2

3n = m2
3 −

(m2
2 +m2

1)

2
(1.5)

such that, ∆m2
21 > 0 and ∆m2

3n ≡ ∆m2
31 > 0 is positive for Normal Mass Ordering

(NO) and ∆m2
3n ≡ ∆m2

32 < 0 is negative for Inverted Mass Ordering (IO) for the

neutrino mass spectrum. In neutrino oscillations, the diagonal Majorana phase

matrix M does not have any effect.

Neutrino oscillation is typically measured by comparing the flux of produced α-

flavor neutrinos and flux of β-flavor neutrinos observed in a detector placed at
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some distance from the production source. The probability for an α-flavor to

oscillate into β-flavor, P(να→νβ), depends on three mixing angles (θ12, θ13, θ23), CP

violation phase δCP, two mass-squared splittings (∆m2
21, ∆m

2
31), its energy Eν ,

propagation distance L, and the density of matter passed through by the neutrino

ρ, given by

P(να→νβ) = f
(
θ12, θ13, θ23, δCP ; ∆m

2
21,∆m

2
31;Eν , L, ρ

)
.

It is well-established from the contribution of many neutrino experiments [12]

using both the natural neutrino sources (solar and atmospheric neutrinos) and

the man-made neutrino sources (reactor and accelerator neutrinos) that the two

leptonic mixing angles θ12 and θ23 are large, θ13 is relatively small but non-zero,

the mass-squared splitting |∆m2
31| is about 30 times larger than ∆m2

21. A detailed

formulation of neutrino oscillation probabilities has been addressed in Chapter 2.

1.4 Sources of Neutrinos

Figure 1-2: Natural and artificial sources of neutrino in a nutshell[20].

Neutrinos are the most aboundant massive particles in the universe. They

are produced in the stars, Earth’s atmosphere, supernovae and active galactic

nuclei. The man-made sources include neutrino production in nuclear fission in
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Figure 1-3: The pp (CNO) chain of the solar thermonuclear reaction in shown in
the left (right) figure. The produced neutrinos are depicted in bold fonts [21] .

reactors and through pion decay in accelerators. Neutrinos are also produced in

the core of the sun through nuclear fusion reactions.

1.4.1 Natural Sources

1.4.1.1 Solar Neutrinos

The major contribution comes from proton-proton (pp) and CNO reactions. More

than 99% of the solar neutrinos are produced in the pp process. Neutrino are also

produced during production of 7Li and 8B nuclei. The solar neutrinos are electron

neutrinos in nature. The deuteron with another proton produces a Helium (3He)

nuclues and gamma ray which further results in production of 4He isotope. Both

the Helium isotopes now fuse to form Beryllium (7Be) and a gamma ray. The

7Be, then, undergoes electron/proton capture to produce 7Li/8B and electron-

neutrino. Detection of electron neutrinos are also reported from depth of the solar

core through carbon-nitrogen-oxygen (CNO) cycle.

The processes involved in the pp and CNO reactions are given in Figure 1-

3. Solar neutrinos were first detected in 1968 in the Homestake experiment[22],

confirmed by Kamiokande. The low-energy neutrinos produced in the pp-reaction

were measured by the gallium experiments.
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The Homestake experiment is a radiochemical experiment which detect solar

neutrinos using Inverse beta decay (IBD) reaction[23, 24], given by

νe +
37 Cl →37 Ar + e−

with a neutrino threshold energy of 0.814 MeV, and thus, can detect only

intermediate and high-energy neutrinos. The experiment is mainly sensitive to

the high-energy 8B neutrinos. The solar neutrino flux recorded by the experiment

was less than 3 Solar Neutrino Units (SNU)1, which about 1/3 of that predicted by

the Standard Solar Model (SSM)[25]. The gallium experiments like GALLEX [26–

30], GNO [31, 32] and SAGE [33–37] detected solar neutrinos using gallium

(71Ga) as the detection target, with low neutrino energy threshold of 233 keV[38].

Thus, these experiments are sensitive to all sources of solar neutrinos. The solar

neutrino flux measured by these experiments are about 1/2 of that predicted by

the SSM. The Kamiokande [39, 40] (Super-Kamiokande [41]) experiment, with a

water Cherenkov dectector, is sensitive to 8B solar neutrinos with the neutrino

energy threshold range of 6.7-9.0 (4.7-6.2) MeV. The experiment measured the

solar neutrino flux via the elastic scattering (ES) reaction, and the average flux of

8B νe obtained is about half the SSM flux.

In the late 20th century, another breakthrough experiment, SNO [42]

provided measurements on the high energy part of the solar neutrino flux. SNO

detects solar neutrino through three reactions on the deuterium target: the

charged current (CC), the Neutral current (NC) and ES. Due to high backgrounds

at low energies, the corresponding neutrino energy threshold are 6.9, 2.224 and 5.7

MeV respectively, all of the reactions being sensitive to 8B solar neutrinos. The

results confirmed the solar νe deficits [43], observed by the previous experiments.

The NC measurement of the total flux observed that two νe out of three converts

into νµ or ντ on their way from the center of the Sun to the Earth [44]. Thus,

SNO experiment is significant for it proved that the solar neutrino problem (SNP)

is due to neutrino flavour transitions.

11SNU≡ 10−36 events/atom/s
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1.4.1.2 Atmospheric Neutrinos

Atmospheric neutrinos are typically produced around 15 kilometers above Earth’s

surface. They form when a cosmic ray, high energetic particles (mostly protons)

from space interact with the Earth’s atmosphere. When they strike an atomic

nucleus in our atmosphere, there is a cascade of particles. Short-lived particles

called mesons form, most of them pions (and a few kaons). These are unstable

particles made of two quarks, and they rapidly decay into muons and muon

antineutrinos (or antimuons and muon neutrinos). A muon, being unstable,

also undergoes decay into an electron, electron antineutrino, and muon neutrino.

About two- thirds of atmospheric neutrinos are muon neutrinos and antineutrinos,

and the remainder are electron neutrinos and antineutrinos. The reactions

involved in the process are-

p+X(hadron) → π±(K±) → µ± + νµ(ν̄µ) (primary/dominant decay)

µ± → e± + νe(ν̄e) + ν̄µ(νµ) (secondary decay)

K± → e± + νe(ν̄e) + π0

Atmospheric neutrinos were first detected in the mines of Kolar Gold Fields [45]

of India and at the same time in a gold mine of South Africa [46]. From the above

decay chain, the expected number of muon neutrinos (Nµ) are about twice that

of electron neutrinos (Ne).

i.e.
Nµ +Nµ̄

Ne +Nē

∼ 2 (1.6)

However, experiments like Kamiokande [47], IMB [48, 49] and Sudan2 [50] reported

the ratio of observed Nµ/Ne to that of Monte-Carlo simulation, to be significantly

less than one. This is known as the “Atmospheric Neutrino Anomaly”. The Super-

Kamiokande (SK) [51] detector started the operation in 1996 and concluded that

the anomaly is due to νµ → νe or νµ → ντ flavour oscillations. Apart from

that, the oscillatory behaviour can be tested by observing neutrinos with different

incoming directions that have travelled different distances to the detector. This
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is parameterised by the zenith angle2. Atmospheric neutrino flux peaks at zenith

angle ∼ 90◦ (near the horizon), due to larger length of the atmosphere in that

direction. For downward moving neutrinos, different zenith angles have path

length of range ∼ 10 − 30km, whereas, the upward moving neutrinos suffers

significant oscillatory behaviors due to its larger path length of ∼ 104km for

different zenith angles. Neutrinos are also produced in distant astrophysical

sources [52] such as supernovae [53, 54], active galactic nuclei (AGN) [55] and

gamma ray burst (GRB) [56].

Neutrino oscillation experiments are classified on the basis of the sources of the

neutrinos and the measurements of appearance and disappearance channels. Their

classification also depends on the average value of the ratio L
E
for an experiment,

which determines the sensitivity to the mass-squared differences ∆m2
ij (i = 1, 2, 3).

It is to be noted that,

UU † = 1 gives
3∑

k=1

UαkU
†
βk = δαβ (1.7)

which implies Pνα→νβ(L = 0, E) = δαβ. For L > 0, the amplitude of the oscillations

is specified by the elements of the lepton mixing matrix U and the phases allow

us to obtain information on the values of mass-squared differences ∆m2
ij. The

oscillation length Losc
ij is the distance at which the phase generated by ∆m2

ij

becomes maximum, equal to 2π.

Losc
ij =

4πE

∆m2
ij

(1.8)

Considering the above fact, different experiments are designed in order to be

sensitive to ∆m2
ij, for which

4πE

∆m2
ijL

= 2π ⇔
∆m2

ijL

2E
∼ 1 ⇔ ∆m2

ij ∝
E

L
(1.9)

The classification of neutrino oscillation experiments with their source-detector

distance (L), energy (E) and sensitivity to ∆m2
ij [which is given by E/L, E in MeV

2Zenith angle is the angle between the neutrino direction and the vertical.
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Table 1.2: Classification of neutrino oscillation experiments with their source-
detector distance (L), energy (E) and sensitivity to ∆m2

ij.

Type of Experiments L E ∆m2
ij sensitivity

Reactor SBL ∼10m ∼1 MeV ∼0.1 eV 2

Accelerator SBL (Pion DIF) ∼1km ≥1 GeV ≥1 eV 2

Accelerator SBL (Muon DAR) ∼10m ∼10 MeV ∼1 eV 2

Accelerator SBL (Beam Dump) ∼1km ∼100 GeV ∼ 102 eV 2

Reactor LBL ∼1km ∼1 MeV ∼ 10−3 eV 2

Accelerator LBL ∼ 103km ≥1 GeV ≥ 10−3 eV 2

Reactor VLB ∼ 102km ∼1 MeV ∼ 10−3 eV 2

Accelerator VLB ∼ 104km ≥1 GeV ≥ 10−4 eV 2

(GeV) and L in m (km) for reactor (acceleartor-based) neutrino experiments] is

listed in Table 1.2.

1.4.2 Terrestrial Neutrino Sources

Terrestrial neutrino oscillation experiments (TNE) use neutrinos produced in

reactors and accelerators. The sensitivity i.e. the capability of an experiment

to measure the oscillation parameters depends importantly on source-detector

distance, the neutrino energy, the power of the source, the detection cross-section

and the backgrounds. In TNEs, one can control the values of these factors.

1.4.2.1 Reactor-based neutrino

When neutrinos have enough energy to produce charged particles like the electron

(0.511 MeV), muon (105.7 MeV), or tau (1776.8 MeV), they can be detected

through charged current interactions. Only reactions that produce positrons

are feasible because the reactor neutrino energy is low. The inverse neutron

decay process allows for the detection of reactor electron antineutrinos. This

reaction liberates a total vivisble energy Ee + me, where Ee is the energy of

the positron, which annihilates with the surrounding electron. This energy can

be seen in scintillation detectors. The antineutrinos can be distinguished from

the background by the coincidence of the prompt signal with the delayed signal

produced by the nuclear capture of the neutron. Neglecting the small recoil energy
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Figure 1-4: An observable electron anti-neutrino (ν̄e) spectrum in reactor neutrino
experiment [57].

of the neutron, the neutrino and positron energies are related by

Eν = Ee + Tn +mn −mp ≃ Ee + 1.293MeV (1.10)

where Tn is the negligibly small recoil kinetic energy of the neutron. Thus, the

neutrino energy threshold is given by

Eth
ν = mn +me −mp ≃ 1.804eV (1.11)

The response of a detector to a reactor electron anti-neutrino (ν̄e) flux is illustrated

in Fig. 1-4 which is proportional to the product of the

� antineutrino fluxes from each isotope, and

� the detection cross-section.

R-SBL experiments have source-detector distances between 10-100m. ILL [58],

Gosgen [59], Rovno [60], Krasnoyarsk [61], Bugey [62] and Savannah River [63]

were operative in the 1970s, but none of them observed a ν̄e disappearance. Their

L values were sufficient to reach the sensitivity to the small values of ∆m2
ij. Long

baseline (LBL) reactor-based neutrino osillation experiments with baselines of
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Figure 1-5: Allowed regions of sin2 θ12 − ∆m2
21 for fixed θ13 = 8.6◦ for solar and

KamLAND data, with and without Super Kamiokande results. The updated
allowed regions are showed at 1σ, 90%, 2σ, 99% and 3σ C.L for 2 d.o.f.. The
analysis for KamLAND is given by solid green contours with best fit marked by a
green star [75].

the order of 1 km have the sensitivity of ∆m2 of about 10−3eV 2, corresponding

to atmospheric mass-squared difference. Chooz [64–66] and Palo Verde [67–69]

are the notable experiments that were carried out in the 1990s. Although, these

experiments were important to understand the reactor neutrino flux and spectrum,

yet unable to observe the oscillation of ν̄e disappearance. However, they obtained

an upper limit of sin2 θ13 < 0.10 at 90% C.L. [65].

In the next-generation reactor experiments, Daya-Bay[70, 71], RENO [72] and

Double Chooz [73, 74], our knowledge of the value of the element Ue3 of the lepton

mixing matrix in the case of three-neutrino mixing was further clarified. They

solved the puzzle of the value of the mixing angle, θ13, which finally turned out

to be non-zero. The present best-fit value of the mixing angle from the reactor

experiments is ∼ 8.6◦, dominated by Daya Bay result [75, 76].

The KamLAND experiment [77] has been designed to detect electron
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antineutrinos produced by 53 nuclear power reactors in Japan, with a small

contribution from reactors in South Korea (∼ 2%), at distances varying from

80 km to 800 km. About 80% of the detected neutrinos come from reactors at

distances between 140 km and 215 km, with an average distance of about 180

km. The large source–detector distance allowed the KamLAND experiment to

measure the ν̄e disappearance due to the small solar ∆m2
21. The ratio of measured

to expected ν̄e events in KamLAND from March 2002 to January 2004 [78] is

R = 0.658± 0.044± 0.047

which deviates from unity by about 5σ. It showed that the earlier solar neutrino

measurements were indeed caused by oscillations. It also measures the most

accurate value of the mass-squared difference ∆m2
21. The present allowed regions

of sin2 θ12 − ∆m2
21 plane obtained with a combined fit of KamLAND and solar

data is presented in Figure 1-5. The present best-fit values [75] of the solar mixing

parameters are:

∆m2
21 = 7.42× 10−5eV 2, sin2 θ12 = 0.304 (for both the mass hierarchies)

Another type of experiments are reactor-based medium baselines (MBLs) like

JUNO which due to its unique baseline of 52.5 km is sensitive to both the solar

and atmospheric mass-squared differences.

1.4.2.2 Accelerator-based neutrino

In accelerator neutrino oscillation experiments, neutrinos and anti-neutrinos are

produced when high energetic proton beam collide a fixed hadronic target. The

proton beam is accelerated by a set of linear and cycling synchotrons to achieve

a higher energy before hitting the target. The proton collision with the fixed

target mainly produces pions (π±) and kaons (K±). This meson beam is aligned

(defocused, to be accurate), into a decay pipe, where they decay primarily into

charged muons and muon neutrinos or muon anti-neutrinos depending on the

parent mesons. The charged muons can further undergo secondary decay into
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Figure 1-6: Process of neutrino production, propagation and detection in
accelerator neutrino oscillation experiments. The left portion of the image is the
NuMI beamline [79] which are employed in the MINOS [80], MINOS+ [81] and
NOνA [82] experiments.

electron neutrino and anti-neutrino, resulting in the contamination of the highly

intense muon neutrino (anti-neutrino) beam. The following processes take place:

π±(K±) −→ µ± + νµ(ν̄µ) (most dominant)

Secondary decay may take place resulting in νe, given by

µ± −→ e± + νe(ν̄e) + ν̄µ(νµ)

K± −→ e± + νe(ν̄e) + π0

The charged leptons are stopped by the absorber and, the neutrinos and anti-

neutrinos travel to the far detector (FD) traversing a distance L(in km) beneath

the earth’s surface where the oscillation analysis is performed. In present days,

near detectors (ND) are placed close to the source of production to reduce the

uncertainity in flux and cross-section information. ND monitors the un-oscillated

νµ and ν̄µ fluxes from the production site. Figure 1-6 illustrates the production,

propagation and detection of the neutrino beam as described above.

Accelerator experiments can be classified according to their source-detector

baselines (L) in Table 1.2 and the method of production of the neutrino beam

are pion decay in flight (DIF), muon decay at rest (DAR) and beam dump.

1. Pion Decay in Flight (DIF): Neutrino beam is produced by the decay

of mesons, most dominantly pions, created by a proton beam after hitting

a target. The pions and kaons are aligned in a decay tunnel for decay
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of mesons to neutrinos and antineutrinos. The neutrino thus produced is

primarily composed of νµ or ν̄µ. The typical energy of the neutrinos vary

from sub-GeV to few GeV depending on the energy of the initial proton

beam.

They can also be further sub-divided based on the neutrino beams generated

by pion decay in flight, in three categories:

a. Wide band beam: These are experiments having a high-intensity

neutrino beam with a wide energy spectrum which can span one or two

orders of magnitude. This type of beam is convenient for investigating

new oscillation signals in a wide range of values of ∆m2
ij.

b. Narrow band Beam: The neutrino beams of these experiments have a

narrow energy spectrum, which is obtained by selecting the momenta

of the parent pion and kaons. The resulting intensity of the neutrino

flux of a narrow-band beam is reduced comparing with a wide-band

beam obtained from the same proton beam. Narrow-band beams are

convenient for precise measurements of ∆m2
ij.

c. Off-Axis Beam: These are experiments which use a high-intensity wide-

band beam with the detector shifted by a small angle from the axis of

the beam, where the neutrino energy is almost monochromatic. The off-

axis principle is a new concept, which is exploited by LBL experiments

T2K and NOνA. The neutrino energy as a function of the parent pion

energy (Eπ) and off-axis angle (θ), for pions, is given by:

Eν =

[
1− m2

µ

m2
π

]
Eπ

1 + γ2θ2
, (1.12)

And the expression for the neutrino flux as a function of the angle is,

ϕν(θ) ∝

(
2γ

1 + γ2θ2

)2

, (1.13)

to the lowest order of θ, where γ = Eπ

mπ
, is the Lorentz factor. For

θ = 0, the neutrino energy linearly varies with pion energy, whereas it
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tails off for θ > 0. To obtain a narrow band beam, one can look for

a non-zero off-axis angle and baselines at the νe-appearance oscillation

maximum. For NOνA, θ = 14.6mrad at a baseline of 810 km results

in the neutrino flux peak at ∼ 2GeV (Figure 1-7). Similar Off-axis

technique is utilized by the T2K experiment with L = 295km with

θ = 2.5◦ to obtain a peak in neutrino flux at 0.6GeV .

2. Muon Decat At Rest (DAR): A beam of low-energetic muon

antineutrinos are produced from the decay of the µ+ produced in the pion

decay (the π− are mostly absorbed by nuclei) and stopped in the target.

The process is

µ+ → e+ + νe + ν̄µ

π+ → µ+ + νµ

The antineutrinos have energies of the order of several tens of MeV.

3. Beam Dump: In this method, a proton beam of the order of some hundreds

of GeV, hit 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 102 GeV. A detector at a distance of the order of 1 km can measure

the ratio of the electron and muon neutrino fluxes, whose deviations from

unity would signal the presence of oscillations [21].

SBL accelerator experiments like CHARM [84], CDHSW [85], CCFR [86],

BEBC [87], LSND [88], NOMAD [89], KARMEN[90], CHORUS [91] among

others have been carried out to explore the diffrent flavor transition channels.

All other experiments except LSND failed to find any indication of neutrino

oscillations [92, 93].

K2K is the first generation LBL accelerator-based neutrino oscillation experiment

based in Japan, with a distance of 250 km from the source in the KEK laboratory

to the Super-Kamiokande detector in the Kamioka mine [94–97]. The neutrino

beam is a pulsed wide-band beam with a mean energy of 1.3 GeV. It is an almost
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1.4. Sources of Neutrinos

Figure 1-7: Neutrino energy as a function of the parent π-energy for different
off-axis angles(left) and the overall predicted flux per given exposure(right). The
figure is a description of the NOνA experiment [83].

pure νµ beam (∼ 98%νµ + ∼ 1%ν̄µ + ∼ 1%νe). The protons are focused on an

aluminum target and the produced positive pions are focused towards a decay

tunnel 200 m long, where they decay into antimuons and muon neutrinos. At

the end of the decay tunnel, there is an iron and concrete beam dump which

stops all charged particles, except muons with energy greater than 5.5 GeV.

After the beam dump, there is a muon monitor and after about 70 m of earth

which eliminates all particles except neutrinos, there is a near neutrino detector

system which is used to calibrate the neutrino beam (about 300 m from the

production target). The near detector system consists of two detector sets: a

1 kton water Cherenkov detector and a fine-grained detector system. The water

Cherenkov detector uses the same technology and analysis algorithms as the Super-

Kamiokande far detector. Another notable accelerator-based LBL experiments

include OPERA [98], ICARUS [99], MINOS and MINOS+ (based is the USA,

which concluded their data taking in late 2019). Ongoing experiments include the

second generation accelerator LBL experiments of Japan and the USA, T2K [100]

and NOνA [101] respectively which form the basis of the thesis, are discussed in

greater details in the upcoming chapters.

The sources of neutrinos, their detection techniques, description of relevant

neutrino experiments and their results are explored in our paper [102] and the

literature cited within.
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Neutrino Interactions

The neutrino energy accessible to A-LBL neutrinos makes them sensitive to

different interaction types as represented by the Feynman diagram in Figure 1-8.

The neutrino and anti-neutrino inclusive cross-sections at the intermediate energy

range, appropriate for A-LBL, vary from 0.2 to 20 GeV. At these intermediate

energies, several distinct neutrino scattering mechanisms start to play a role, as

shown in Figure 1-9. They are:

� Quasi-Elastic (QE) scattering,

� Resonant Delta Production (RES),

� Deep Inelastic Scattering (DIS), and

� Meson Exchange Current (MEC).

Quasi-Elastic (QE) scattering: For neutrino energies less than ∼ 2GeV ,

neutrino-hadron interactions are predominantly quasi-elastic (QE). They provide

large source of signal events in many neutrino oscillation experiments operating

in this energy range. In this process, the neutrino scatters off a single nucleon

within the nucleus instead of its constituent parton. The target neutron in the

detector is converted to a proton when a neutrino is involved, and vise-versa for a

Figure 1-8: Feynman diagrams for different types of neutrinos interactions at the
detector. The image is taken from https://www.phys.ksu.edu/reu/2018/song.

html.
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1.4. Sources of Neutrinos

Figure 1-9: The neutrino and antineutrino per nucleon CC cross sections (for an
isoscalar target) divided by neutrino energy as a function of energy [103].

antineutrino.

νµ + n→ µ− + p (1.14)

ν̄µ + p→ µ+ + n (1.15)

The overall Q2(= q2) for this interaction is relatively low and QE events are

generally characterized by clean lepton signatures travelling relatively in line with

the beam direction and a small hadronic component which usually involves a single

proton track for the neutrino case.
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Resonant Delta Production (RES): These interactions produce baryon

resonances in the final state (∆) which decay into pions and protons. If a π0 is

produced that usually decays via π0 → γγ. Sometimes a single γ can be produced

by the ∆ decay as well (∆+ → pγ). These can exhibit a variety of signatures but

usually involve either charged pion tracks which can hard-scatter in the detector

and produce kinks or a pair of electromagnetic shower cascades coming from π0

decay. Sometimes multiple proton tracks can be seen as well.

Deep Inelastic Scattering (DIS): These are in general messy interactions at

a very high Q2 where the relevant initial state particles involved are the quark

soup within each nucleon. The event signature is a large hadronic component due

to the resulting hadronization of the final state quarks. Here the lepton signatures

aren’t very clean, being relatively small and travelling at a large angle with respect

to the beam.

Meson Exchange Current (MEC): These are interactions at a slightly higher

Q2 where the neutrino scatters off a correlated nucleon pair instead of a single

nucleus. The nucleon pair is predominantly a np pair which produces two protons

(neutrons) in the final state for neutrinos (anti-neutrinos).

1.5 Knowns and Unknowns in Neutrino Physics

In the standard 3ν framework, there are six parameters that govern neutrino

oscillations: θ12, θ13, θ23, δCP , ∆m
2
21 and ∆m2

31(2). Global fit 1[75] and global fit

2[76] are the updated global analysis of the neutrino experiments’ datasets and

the previous results are available in Ref. [104, 105] respectively. Global fit 1

is also known as NuFit 5.0 and the previous corresponding is called NuFit 4.1.

Global fit 1 & 2 include the updated results from Super-Kamiokande, IceCube

DeepCore, SNO, short baseline reactor experiments Daya Bay and RENO, long

baseline (LBL) accelerator-based neutrino experiments T2K and NOνA upto July

2020 when the Neutrino 2020 conference took place. In Global Fit 1, the authors

22



1.5. Knowns and Unknowns in Neutrino Physics

Table 1.3: The neutrino oscillation parameters, according to two different global
fits- Global Fit 1[75] & Global Fit 2[76].

Global Fit 1 Parametersa Mass Ordering Best Fit 3σ

∆m2
21(×10−5eV 2) NH,IH 7.42 6.82-8.04

θ12(
o) NH 33.44 31.27-35.86

IH 33.45 31.27-35.87
|∆m2

3n|(×10−3eV 2) NH 2.517 2.435-2.598
IH 2.498 2.581-2.414

θ23(
o) NH 49.2 40.1-51.7

IH 49.3 40.3-51.8
θ13(

o) NH 8.57 8.20-8.93
IH 8.60 8.24-8.96

σ(o) NH 197 120-369
IH 282 193-352

Global Fit 2 ∆m2
21(×10−5eV 2) NH,IH 7.50 6.94–8.14

θ12(
o) NH,IH 34.3 31.4–37.4

|∆m2
3n|(×10−3eV 2) NH 2.55 2.47–2.63

IH 2.45 2.37–2.53
θ23(

o) NH 49.26 41.20–51.33
IH 49.46 41.16–51.25

θ13(
o) NH 8.53 8.13–8.92

IH 8.58 8.17–8.96
σ(o) NH 194 128–359

IH 284 200–353
a ∆m2

3n ≡ ∆m2
31 > 0, for Normal Hierarchy, ∆m2

31 being the reactor mass squared
difference. ∆m2

3n ≡ ∆m2
32 < 0, for Inverted Hierarchy, ∆m2

32 being the
atmospheric mass squared difference.

assume that the Wilk’s theorem holds to convert ∆χ2 values into confidence levels

and equivalent numbers of Gaussian standard deviations (σ). In Global Fit 2, the

authors have considered both Bayesian and frequentist method for oscillation data

analysis to arrive at their results.

The global fits give more accurate measurements of oscillation parameters of θ12,

θ13, ∆m
2
21 and |∆m2

31,32|. The sign of ∆m2
31,32 referred as mass hierarchy of the

three mass-eigenstates, the resolving of the octant degeneracy of mixing angle

θ23 and determination of δCP have been studied extensively in the two global

fits. Presently, the 3σ relative precision3, marginalised over both hierarchies, for

the oscillation parameters stands at 4% for θ12, 9% for θ13, 25% for θ23, 16%

3Relative precision is defined as 2(x1−x2)
(x1+x2)

, where x1 is the upper and x2 is the lower bound in

Table 1.3.
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for ∆m2
21 and 6.5% for |∆m2

31,32|. The solar mixing angle is well measured by

solar experiment while the corresponding mass-squared difference ∆m2
21 is better

constrained by KamLAND. The recent evidence of neutrino flux from CNO fusion

chain by Borexino is not included in these analyses. In these updated global fits,

the disagreement between solar and KamLAND data has decreased significantly

after the inclusion of the updated Super Kamiokande solar neutrino results. The

short baseline reactor-based experiments Daya Bay and RENO are sensitive to θ13

and |∆m2
31,32|. The upcoming reactor-based medium baseline experiment JUNO

promises to measure the solar parameters apart from θ13 and ∆m2
31 with a better

precision. NOνA recently showed evidence of appearance of anti-neutrino with

greater thac 4σ C.L. T2K alone excludes the CP conserving values of δCP at

almost 3σ C.L. The best fit value of δCP for T2K lies near 3π/2 for NH, whereas for

NOνA, it is 0.82π- close to CP conversing value π. This tension has to be resolved

and a joint-collaboration of T2K and NOνA colleagues has started. However, for

inverted hierarchy, the best fit of δCP is close to 3π/2. T2K has better presion for

θ13 measurement than NOνA but it is not competitive to that of reactor-based

short baseline experiments.

There are many open questions in neutrino physics and we divide them into two

categories:

(1) Questions within standard 3ν oscillation framework, and

(2) beyond standard 3ν neutrino oscillation framework.

A few of them are described below.

1.5.1 Questions within standard 3ν oscillation framework

1.5.1.1 Neutrino Mass Hierarchy

The solar experiments confirmed that ∆m2
21 > 0 i.e. m2 > m1, but the sign

of ∆m2
31 is still unknown. Thus, we are left with two possibilities for the mass

eigenvalues. We refer them as the mass hierarchies (MH) of the three active

neutrinos: (A) Normal Ordering, m3 > m2 > m1, and (B) Inverted Ordering,
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Figure 1-10: Illustration of normal and inverted neutrino mass hierarchies.

m2 > m1 > m3. The sign of ∆m2
31 is of fundamental importance because it

has many implications in particle physics and astrophysics. The behavior of

neutrino oscillations in atmospheric and long baseline experiments are sensitive

to ∆m2
31 [106]. The supernova neutrino oscillations are also affected for a similar

reason [107]. The interference effects of two atmospheric mass-squared differences

in reactor neutrino vacuum oscillations is also sensitive to it [108]. Moreover,

preference to IO may help the seesaw and leptogenesis [109] mechanisms work

well to interpret the tiny neutrino mass and explain the baryon asymmetry of the

Universe (BAU) [110, 111]. If the hierarchy is inverted, it also provides a chance

to observe neutrinoless double beta decay 0νββ, and thus the Majorana nature of

neutrino [112].

1.5.1.2 Leptonic CP Violation

The CP transformation combines charge conjugation C with parity P . Under C

transformation, particles and antiparticles are interchanged, and the handedness

of space is reversed under P transformation, x⃗ → −x⃗. For instance, CP can

change a left-handed electron e−L into a right-handed positron, e+R. The laws of

nature would apply to both matter and antimatter if CP were an exact symmetry.

Since most phenomena exhibit C and P symmetry, they are also CP symmetric.

These symmetries are respected by the gravitational, electromagnetic, and strong
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interactions. On the other hand, the weak interactions most severely violate C

and P. The charged W bosons, for instance, couple to left-handed electrons, e−L ,

and to their CP conjugate right-handed positrons, e+R, but not to their P conjugate

right-handed electrons or their C conjugate left-handed positrons. Although

weak interactions separately violate C and P, CP is still preserved in most weak

interaction processes. However, the CP symmetry can be broken in some extremely

rare processes, as seen in neutral K decays in 1964 [113] and later confirmed in B

(2001) and D (2019) decays [12].

It is crucial to know whether or not the CP symmetry in the leptonic sector is

violated because it will explain the observed baryon asymmetry of the universe

(BAU) via leptogenesis. Under CPT invariance, CP violating asymmetries is

measured by appearance channels, particularly in A-LBL, given by Aαβ
CP = P (να →

νβ) − P (ν̄α → ν̄β), where α, β = e, µ, τ . Aαβ
CP depends on all the six oscillation

parameters. Given that θ12 and ∆m2
21 are well-constrained in solar experiments

and KamLAND, θ13 (̸= 0) by R-SBL experiments, θ23 by atmospheric experiments

and |∆m2
31,32| by atmospheric and A-LBL experiments, the uncertainties arise

mostly due to the value of δCP . Presently, the best fit of δCP hints at 3π/2 for

IO, indicating maximal CP violation in the lepton sector. The upcoming A-LBL

experiments such as DUNE and T2HK shall explore the CPV phase. In these

experiments, the CP asymmetry can be intrinsic due to presence of sin δCP term

and can also be due to matter effect experienced by neutrinos and antineutrinos

while propagating through Earth matter. This fake CPV due to matter effect must

be disentangled from the genuine CPV parameter δCP . Other possible new physics

effects like sterile neutrinos [114–116], non-standard interactions [117–120], that

can induce fake CPV must also be taken into consideration in the measurement

of δCP .

1.5.1.3 Octant Degeneracy

The PMNS matrix is yet to be fully fixed as the octant of θ23 and the value

of δCP are unknown. If the value of θ23 is measured to be π/4, it means the

mass eigenstate ν3 is comprised of an approximately equal amount of νµ and
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ντ , indicating some unknown symmetry between the second and the third lepton

generations. Whether θ23 is exactly equal to 45◦, in the lower octant (LO, θ23 <

45◦), or in the higher octant (HO, θ23 > 45◦) is of interest to pursue. Particularly,

θ23 = π/4 is allowed in many neutrino mass models as a consequence of the exact

µ − τ symmetry [121]. The deviation of θ23 from π/4 will serve as useful model

discriminator [122, 123] and requires a precision measurement in the upcoming

atmospheric and A-LBL experiments.

1.5.2 Beyond standard 3ν neutrino oscillation

1.5.2.1 Sterile neutrinos

Whether there exists additional species of neutrinos is one of the fundamental

questions in neutrino physics and cosmology. Such neutrinos cannot take part

directly in weak interactions, but with the active neutrinos. Experimentally,

accelerator anomalies from LSND [88] and MiniBooNE [124], and reactor

antineutrino anomalies [125] are explained using sterile-active oscillations with

the assumption of one or two sterile neutrinos. The mass-squared difference

that could explain the LSND ν̄e excess in ν̄µ → ν̄e oscillation measurement is

∆m2 = 1eV 2, suggesting the presence of a sterile neutrino [126]. Event rate deficit

of νe candidate in solar experiments GALLEX and SAGE also favour the sterile

neutrino hypothesis in the measurement of νe → νe disappearance [127, 128]. Also,

long-lived sterile neutrinos at the keV scale might serve as a warm dark matter

candidate [129].

1.5.2.2 Nature of neutrino: Dirac or Majorana

A lepton and its antiparticle possess opposite lepton numbers and are

distinguishable. But if neutrino is a Majorana particle, it is its own

antiparticle [130], leading to lepton number violation as a direct consequence.

The tiny masses of three known neutrinos make it extremely difficult to identify

their nature, i.e., whether they are the Dirac or Majorana particles. At present
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the only experimentally feasible way to probe the Majorana nature of massive

neutrinos is to observe 0νββ decays of some even-even nuclei, given by the process

N(A,Z) → N(A,Z+2)+2e−, which occur via an exchange of the virtual Majorana

neutrinos between two beta decays [131].

1.5.2.3 Absolute scale of neutrino mass

It is important to note that the phenomenon of neutrino oscillation can only probe

the mass squared differences of the neutrinos but not their absolute masses. A

determination of absolute mass scale is performed by a number of non-oscillation

experiments. There are tritium beta decay experiments which measure the

absolute mass of neutrinos. The effective electron antineutrino mass is measured

in the beta decay 3
1H →3

2 H + e− + ν̄e, given by

< me >≡

√√√√ 3∑
i=1

m2
i |Uei|2 (1.16)

The combined data of Troitsk [132] and Mainz [133] experiments give the upper

bound of electron neutrino mass as < 1.8 eV. The combined result of first and

second campaign of neutrino-mass measurement of KATRIN gives an improved

upper limit of < 0.8 eV [134] for the mass of electron antineutrino. There are

also weak bounds on muon neutrino [135] and tau neutrino [136] masses coming

from pion and tau decay as < 0.17 MeV and < 18.2 MeV respectively. The

neutrinoless double beta decay (0νββ) experiments which can probe Majorana

nature of the neutrinos can also put constraint on the effective Majorana neutrino

mass. The decay width of a particular Neutrinoless Double Beta Decay (NDBD)

process mediated by light neutrino can be written as,

Γ0ν = 1/T 0ν
1/2 = Gν(Q,Z)|M0νββ|2 |mββ|2

m2
e

, where Gν(Q,Z) is the phase factor, M0νββ is the nuclear matrix element (NME)

and mββ is the effective Majorana mass. T 0ν
1/2 represents the half-life of the decay

of the isotope under consideration. The effective Majorana mass is |
∑3

i=1 U
2
eimi|,
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where mi are the Majorana masses of the three light neutrinos.

Experiments like CUORE, Gerda and KamLAND-Zen have set lower limits on the

half-life of isotopes 130Te (T 0ν
1/2 > 3.2 × 1025), 76Ge (T 0ν

1/2 > 9 × 1025) and 136Xe

(T 0ν
1/2 > 1.07 × 1026), respectively. These bounds on the half-life from the above

experiments give the upper limits on the effective mass of mββ < 75−350 meV by

CUORE [137], mββ < 104−228 meV by Gerda [138] and mββ < 104−228 meV by

KamLAND-Zen [139], respectively where the bounds on the corresponding NMEs

can be found in Ref [140]. An upper bound on the sum of active neutrino masses as

0.118 eV comes from cosmology [141]. From the neutrino oscillation experiments

we know that the two mass squared differences which govern the oscillation of the

three generations of neutrinos are of the order of 10−5 eV2 and 10−3 eV2. Thus,

the oscillation data together with the cosmological bound signify that the neutrino

masses are much smaller than the masses of the charged leptons.

1.5.2.4 CPT/Lorentz Violation

CPT violation are related to Lorentz symmetry breaking in local field

theories [142]. CPT interchanges the να → νβ and ν̄β → ν̄α (α, β = e, µ, τ)

oscillation channels. Hence, CPT violation can be explored by measuring the

difference of these two channels, given by CPT asymmetry, ACPT = Pνα→νβ −

Pν̄β→ν̄α . Ongoing accelerator neutrino experiments measure νµ → νe and νµ → νµ

oscillation channels and anti-neutrino counterparts. As there is no experiments

presently that can measure the CPT asymmetry in appearance channels as the

ν̄e → ν̄µ is missing, CPT violation can be explored via the disappearance channels.

For CPT violation to be observed, there has to be a finite difference between the

set of oscillation parameters defining the neutrino and anti-neutrino oscillation

probabilities, defined as δνν̄(X) = X − X̄, where X are the six parameters in

neutrino oscillation and X̄ are the corresponding parameters describing anti-

neutrino oscillation. An interesting work on CPT violation is recently published

and can be found in Ref [143].
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1.6 Scope of the Thesis

The work of this thesis involves the sensitivity of three terrestrial experiments:

two A-LBL experiments (T2K-II and NOνA) and one R-MBL experiments JUNO

to address the three outstanding problems in neutrino oscillation physics viz.

determination of neutrino mass hierarchy, exploring leptonic CP violation and

resolving the octant degeneracy of θ23.

Chapter 2 forms the motivation of the thesis. We describe the three neutrino

oscillation phenomenology in great details. We present a derivation of neutrino

oscillation probabilities relevant to A-LBL experiments and discuss the significance

of the relevant oscillation channels. We also revisit the parameter degeneracy in

neutrino oscillation in context of the present global data fits. We describe the

limitations of A-LBL experiments due to the degeneracies and emphasize on our

framework.

In chapter 3, we give the description of the oscillation experiments which we have

studied in the thesis. We describe the configurations of the above experiments and

present the simulated event spectra of the selected appearance and disappearance

channels.

Chapter 4 covers the results of our neutrino oscillation analysis. We discuss the

sensitivities of T2K-II, NOνA and JUNO to mass hierarchy and CPV by taking

their projected exposures. We also comment on the effect of varying T2K-II

exposure on the above issues.

In chapter 5, we present our results on the precision measurements of the oscillation

parameters θ13, θ23, ∆m
2
31 and δCP , and the combined sensitivity to resolving the

octant degeneracy by the considered experiments.

Finally, we summarize the thesis and give the impact of our work.
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