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Abstract

Neutrino, one of the nature’s elementary particle, has astounded physicists for past few
decades by its peculiar properties like extreme lightness, no charge, and participates
only in weak interaction. In addition to this, few years back scientists have discovered
another fascinating nature of neutrino in which neutrino can change its flavor from
one to other, so called neutrino oscillation. This discovery has firmly established that
neutrinos are massive and thus new physics beyond the Standard Model (SM). More-
over this discovery has marked the beginning of many neutrino oscillation experiments.
Furthermore, the neutrino oscillation data accumulated over many years allowed us to
determine the solar and atmospheric neutrino oscillation parameters with very high
precision. Thereafter, with the exciting discoveries of non-zero reactor mixing angle
(013) and non-maximal atmospheric mixing angle (fa3), the focus of neutrino oscillation
studies has been shifted towards the determination of other unknown parameters.
These include the determination of mass hierarchy, octant of the atmospheric mixing
angle o3, discovery of CP violation and the magnitude of the CP violating phase d¢p.
The main physics goal of current as well as future generation long baseline experiments
is to unravel these unknowns in the neutrino oscillation sector. These experiments will
take long time to collect the whole oscillation data. However, the phenomenological
studies can make predictions on the sensitivity of these experiments, which ultimately
help to extract improved oscillation data. In this regard, this thesis presents phe-
nomenological studies towards unravelling the current unknowns in neutrino sector by
looking at the sensitivity of current (T2K and NOvA) and future (T2HK and DUNE)
generation long baseline experiments. As Neutrino Physics entered into precision era,
it is crucial to understand the effect of sub-leading contributions such as non-standard
interactions (NSIs) of neutrinos on the discovery potential of long-baseline neutrino
oscillation experiments. In this regard, this thesis also presents a study on effect of lep-
ton flavor violating propagation NSIs on the sensitivities of long baseline experiments

in both model independent and model dependent approaches.
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CHAPTER

Introduction

Neutrinos are the second most abundant elementary particles in the universe that
were first created just after the Big Bang. They are always being created in the stars,
supernovae and even on earth through the nuclear reactions. Hence, they can be
found throughout our galaxy. Moreover, a hundred trillions of neutrinos are passing
through our body in every second and we never even notice them. This elusive nature
of neutrinos made them as least understood particles, though they are abundant in
nature. Just before a couple of decades, scientists have found out that these particles
do posses masses which completely conflicts the very well established theory of particle
physics so called Standard Model (SM). Consequently, neutrino can be used as probe
to understand the new physics beyond the SM and the mystery of the universe.

1.1 Brief History of Neutrinos

The idea of neutrino was born in 1930, when W. Pauli proposed a new particle in
order to explain the continuous energy spectrum of electrons in beta decay process,
which was discovered by Chadwick in 1914. Pauli was trying to find the source of
missing energy in beta decay and as a result he introduced an electrically neutral and
light fermion which participates only in weak interactions. He called this particle as

neutron. Postulating a particle with low evidence for existence lead him to make the
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statement “I have done a terrible thing. I have postulated a particle that can not be
detected”. A while later, Fermi renamed this mysterious particle as neutrino (Italian

meaning “the little neutral one”) in his theory of weak interaction in 1934.

In 1956, Reines and Cowan came up with an astonishing experiment, which could
detect the antiparticle of neutrino [1-4]. They were looking for signals from inverse
beta decay where anti-neutrino that is coming from nuclear reactor combines with
proton in the target (water) and create positron and neutron. Thereafter, positron
annihilates with an electron and emits photons. The neutron undergoes neutron
capture with the cadmium atoms present in the water and emits another photon. The

complete process is

Vet+p—n+e’
e +e” — 2y

n+ Cd"%® — Cd'% + 5

The presence of these photons in the observations are the signatures of neutrino
interactions. This is the first reactor neutrino experiment. Later in 1995, Reines
was honoured with the Nobel Prize for this work with Cowan in which they detected

anti-neutrinos for the first time.

In 1957, Pontecorvo came up with the idea of neutrino oscillation in analogy with
K° — K° mixing. However, during that period of time only one type of neutrino (1)
was known to exist and therefore he suggested the possibility of transition between
neutrino and anti-neutrino. Later in 1962, Lederman, Schwartz, and Steinberger
together discovered the second type of neutrino, so called muon neutrino and they
won the Nobel Prize for this discovery in 1988. Soon after the discovery of muon
neutrino, Maki, Nakagawa, and Sakata put forward the concept of mixing of v, and v,.
The third neutrino flavor v, was discovered in 2000. Thereafter, Super Kamiokande
and Subdhury Neutrino Observatory experiments provided the strong evidence for
flavor transition of neutrino by looking at atmospheric neutrino and solar neutrino
oscillations respectively. And McDonald and Kajita jointly won the Nobel Prize in

the year 2015 for this excellent discovery of neutrino oscillation. Moreover, the three
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flavor neutrino oscillation has become a complete picture of neutrino flavor transition
after the determination of reactor mixing angle by reactor neutrino experiments in

2012 and neutrino physics entered into precision era.

1.2 Neutrinos in the Standard Model

The Standard Model [5H7] of particle physics is a very well established theoretical
framework, which describes dynamics of elementary particles. This gauge theory
deals with strong, weak and electromagnetic interactions of particles, which are
governed by symmetry principle of local gauge invariance with a symmetry group
SU(3)c x SU(2)r, x U(1)y, where C, L and Y represent colour, left-handed chirality
and hypercharge respectively. The strong, weak and electromagnetic interactions of
particles in the SM are mediated by vector bosons, i.e., 8 gluons, W* and Z° bosons,
and photon respectively. The fermions in the SM divided into quarks and leptons
and they are of three generations as given in Table [I.2.1] The matter content of this
model is listed in Table [I.2.2] Unlike other fermions, neutrino is a chargeless massless

particle, which interacts only through weak force.

Generations Quarks Leptons
I u (up) d (down) Ve (electron neutrino) e (electron)
I ¢ (charm) s (strange) | v, (muon neutrino) g (muon)
Irrr t (top) b (bottom) | v, (tau neutrino) 7 (tau)

Table 1.2.1: The three generations of fermions in SM.

Particle | Notation | SU3)c | SU2), | U(D)y | U(1)em
~(u 2/3
Quarks | Qi = <d>L 3 2 1/6 <_1/3>
qdr = dR 3 1 —1/3 —1/3
Leptons | L.y, = <V€> 1 2 —1/2 ( 0 )
e, -1
leR = €ER 1 1 —1 -1

Table 1.2.2: The weak isospin and hypercharge of leptons and quarks in SM.

The local gauge invariance is the basic principle on which SM is built. The local gauge
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invariance of fermion field, which is described by the Lagrangian

L =iy ) — myp, (1.2.1)

under the local phase transformation ¢ — ¢/ = ¢**®%) demands the interaction
with a bosonic field A, and this bosonic field has to transform as A, — A, + é@a.

This in turn gives rise to the Lagrangian for electromagnetic interaction,

Lorp = 12(1'7“(9# —m) — eszy“QwAu — leFWF“”. (1.2.2)

where F,, = 0,A, — 0,A,. Now defining a covariant derivative D, = 0, — ieA,,, the

above equation becomes

_ 1 ,

»CQED == 1/}(27“Du - m)w - EAFW,F"u . (123)
This is the local gauge invariant Lagrangian for electromagnetic interaction. It should
also be noted that the addition of mass term for the boson A, is prohibited due
to local gauge invariance, i.e, the term %m2ANA“ is not invariant under the local
gauge transformation. In a similar fashion, one can write the Lagrangian for strong

interaction mediated by massless gauge boson as

—y . — a 1 a 4
Locp = @0, —m)q — g(v" Taq) G, — ZGWGZ
. U o
= Q(ZIVNDH - m)q - ZGMVG/‘; (124)

where the quark ¢ and bosonic field G transform under the local phase transformation

as

i () Ty

a a 1 C
q—e q as GM%G#—gauaa—fabcabG#.

Here T, with a = 1,2,---8 are the generators of SU(3)c symmetry group. The

commutation relation of these generators is given by
[Tm Tb] = Z‘fabcT’c' (125)
The covariant derivative is given by

Dy, = 8, +igT, G, (1.2.6)
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and the field strength tensor is given by
GZV = a,UGz - aVGZ - gfachZGlc,- (127)

However, in the case of weak interaction it is impossible to construct a Lagrangian in
this method, since the weak interaction is mediated by the massive gauge bosons W=
(W* = Z5 (W' £4iW?)), Z° As a solution for this, Glashow, Weinberg, and Salam
came up with an idea of unification of electromagnetic and weak interaction, the so
called electro-weak interaction. This gauge theory, which describes the electromagnetic
and weak interactions on the same footing, is called Glashow-Weinberg-Salam model.
It is based on the gauge group SU(2); x U(1)y. The weak gauge bosons obtain
masses by the spontaneous symmetry breaking of gauge group SU(2), x U(1)y into a
symmetry group U(1),, through Higgs mechanism. The following subsection discusses

about Higgs mechanism by which fermions and bosons in the SM get masses.

1.2.1 Higgs mechanism

The most effective way of the generation of mass of a particle by spontaneous symmetry
breaking (SSB) is called Higgs mechanism. To understand this mechanism, let us

consider a scalar field ¢ described by the Lagrangian
1 o (Lo, 1 4>
Lo=5 00 — (516" - ")), (128)

with A > 0. This Lagrangian has a reflection symmetry, i.e., this Lagrangian is
invariant under the transformation of ¢ — —¢. To find the ground state of this field,
one has to minimize the potential. The minimization conditions are V@) — () and

¢
828‘;(2@ must be positive. The first derivative gives possible values of ground state as

oVig) _ _
00 o1’ + Ap*) =0,

— ¢ = 0 or qb::I:\/_Tu:iv.
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V(o)
V(o)

Figure 1.2.1: Higgs potential for two cases:i) p? > 0 is in left panel and ii) u* < 0 is
in right panel.

Now the second derivative yields the actual minimum as

0%V (¢
(%(2 ) _ 1?4 3Mp7,
for ¢ =0, 826‘;(2@5) = 1* and
0?V
for ¢ = tv, 3¢(2¢) = 21

It should be noted that the parameter p? can be either positive or negative. Therefore,

there are two possibilities,

e For ;2 > 0 : In this case the ground state is ¢ = 0, which also has a reflection

symmetry as shown in the left panel of Fig[1.2.1]

e For ;2 < 0 : In this case there is two minima and they are ¢ = +v, which is

shown in right panel of the Fig [I.2.1]

The case of current interest is p? < 0, since the choice of ground state (either
¢ = +v or —v) break the reflection symmetry of the system. The quantum fluctuation

around the minimum energy ¢ = +v is given by
o(r) = v+ h(x). (1.2.9)
Then the Lagrangian is modified as

1 1
L= 3 (0,h) — \?h* — \oh® — ZW + ... (1.2.10)
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The first term in the Lagrangian corresponds to kinetic energy, the second term
corresponds to mass and other terms correspond to self interaction. Thus, obtained
a physical field h with mass m;, = V2?2 = /=22 by spontaneously breaking the
reflection symmetry of Lagrangian of an unphysical field ¢. This is called Higgs

mechanism. More details of Higgs mechanism can be seen in [8].

Gauge boson mass generation

The Higgs mechanism describes an elegant way to generate the mass for the elementary
particle by breaking the electro-weak symmetry of the SM. The SU(2), x U(1)y

invariant electro-weak Lagrangian is given by [§]

- . T Y
EEW = LL")/M [z@u — g§Wu — QIQBM] LL
= | Y 1 w_ L nz
+ ey [z@u g QB,J en— Wi W™ = 2B B, (12.11)

i.e., this Lagrangian is invariant under the local phase transformation of field ¢» —

””)(T3+§)w where T3 and Y are the generators of the symmetric group SU(2), X

eia(
U(1)y. The gauge field W, transform as W, — W, — éﬁua —a x W, . The field

tensors are given by

Ww = 0W,—-0W,—gW,xW,,

B,, = 8,B,—9,B,. (1.2.12)

In order to formulate the Higgs mechanism in such way that the weak bosons become
massive and photon remains massless, one should add a scalar field, whose SU(2), X

U(1)y gauge invariant Lagrangian is given by

'Cscalar = (Zau - gTWu - glgBu) ¢’2 - (#QQNQS + >‘(¢T¢)2)7 (1213)

Vi(g)

where ¢ is an isospin doublet with weak hypercharge Y = 1 and it is of the form

_ |
o= 15|
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with ¢ = (¢1 + i) /V2 and ¢° = (¢3 + i¢s)/v/2. The Higgs potential V(¢) with
p? < 0 and XA > 0 can be used to generate the mass for gauge bosons in a similar
fashion as discussed earlier. One can choose the vacuum alignment of Higgs field in
such a way that it breaks both SU(2), and U(1)y symmetry, and conserve U(1)..,
symmetry. Therefore, the best choice is field with T = %, T3 = —%, and Y = 1. The

fluctuation around v is given by

©
I
S

0
v+ hz) |

where h(z) is the physical Higgs field. The expansion of Higgs potential upto second

order in h? yields

2 A
V=V,+ %(%h + %)+ (40 + 60*h?). (1.2.14)

The coefficient of h? is the mass of the physical Higgs field, i.e., M? = 2\v? —
M, = v/2j, whereas other terms are the interaction terms of the Higgs field. The
relevant term in the Lagrangian responsible for boson masses after the spontaneous
symmetry breaking is given by

2_1‘( GW3+gB, g(W! —iWw?) ) (0)
8

2

. Y
(z@u —gI'W,—g 2Bu) 10)

gW, +iW?) —gW3+4'B, v
(9*+9")Z2
1,51 1\2 N2, 1o 3 ' 12 a3 2
= 00 [(Wu) + (W) } +3v W — g'B,| +0[gWi+gB,] .
- par

A comparison of the mass terms of gauge bosons yields

1 1
MWW = gUQQQW:W_“ — My = Zvg, (1.2.15)
1 1 1

B} %ZEL = §U2(92 + 9’2)25 — Mz = 5V 9%+ 97

[ 2
iMAA“ =04, = Ms=0.
This is how weak gauge bosons in the SM get mass through the spontaneous symmetry

breaking in the Higgs sector. In addition to this, from the relation between the Fermi

coupling constant (G = 1.16638 x 107GV ~2?) and mass of the T boson, one can fix
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the value of v as

G g* 1 ) 1
_ = -
NTe

V2 8M3E, T 202
Therefore, the vacuum expectation value of Higgs field in the SM is % =174 GeV'.

= v~ 246 GeV. (1.2.16)

Fermion mass generation

The fermions in the SM get mass through the Yukawa interaction of fermion with
Higgs field. The relevant SU(2);, x U(1)y gauge invariant term in the Lagrangian to

generate the mass for an electron is given by

(7 e)L<ZZ)eR+éR(¢ ¢0)<26)J. (1.2.17)

The Lagrangian after the spontaneous symmetry breaking of Higgs field is given by

G. _
L. = —ﬁv (éLer + €grer)
= —meee = me= Gev (1.2.18)

V2
In a similar way, one can generate mass for down quark, whereas to generate mass for

up quark one has to construct a new Higgs doublet from ¢ such that up on SSB it

b= —ird* = ¢’ L
¢ = —iT2¢ ((ﬁ_)%ﬁ(o). (1.2.19)

The relevent term in the Lagrangian is

Ly=—-Gq(a J)L(ZZ)dR—Gu(a J)L(;Q_So)umth.c. (1.2.20)

After the spontaneous symmetry breaking the above Lagrangian becomes

should transform as

L, = —mgdd — m,iiu. (1.2.21)

This is how the fermions in the SM get their masses via Higgs mechanism. It is also to
note that neutrino mass can not be generated in this way, since right handed neutrinos

are absent in the SM. A discussion on the neutrino mass is given in next subsection.
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1.2.2 Dirac and Majorana mass of neutrino

The fermions in the SM can have Dirac or Majorana mass. If a massive fermion is
electrically charged then the charge conservation allows only Dirac type mass for such
fermion. This is simply because of the structure of Dirac and Majorana mass terms,

which are respectively given as

—Lp =mpyyp and (1.2.22)

—Lar = mppea), (1.2.23)

where mp is Dirac mass, m,; is Majorana mass, and ¢ is the charge conjugate field.
The fermion field consists of both left (¢ = (1 —~°)¢) and right (v = 5(1 — %))

chiral projections. Therefore, the mass terms can be written as

—ﬁD = mDﬁL¢R + h.c and (1224)

—Lyr = my§abr, + hec. (1.2.25)

However, right handed neutrino and left handed anti-neutrino are absent in the SM.
Therefore, neutrino can not have a Dirac mass term within the SM. Moreover, neutrino
cannot have a Majorana mass term since it violates lepton number conservation, which
is an accidental symmetry of the SM. In summary, the SM neutrinos do not have mass

due to the following reasons:

e g is absent in the SM.

e SM is a re-normalizable theory, in which interactions are described by dimension

d < 4 operators.

Next section is mainly focussing on the various extensions of SM by which one can

incorporate the observed neutrino mass.
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1.3 Neutrinos Beyond Standard Model (BSM)

Although SM is a quite successful theory in describing particles and their interactions,
it could not accommodate both Dark Matter (DM) and massive Neutrinos. This
implies that SM is not the ultimate theory of particle physics and there should be
New Physics beyond SM. Moreover, there are many other fundamental problems for

which SM does not provide any satisfactory answer.

1.3.1 Neutrino mass and mixing

Neutrinos are considered as massless particles in the SM. However, the discovery of
the phenomenon of flavour transition of neutrinos, the so called neutrino oscillation,
which is a consequence of neutrino mixing, shows that neutrinos are massive particles.
Therefore, one should find a mechanism to generate the masses for the neutrinos. In
an effective Lagrangian approach, the New Physics effect can be parametrized at low

energies by adding effective operators with dimension d>4 to SM Lagrangian as

L = Lom+LE7+LE7+ ... (1.3.1)

= £SM+§:Z(

n=>5 1

n

Oz' n
And O} + h.c.)

where C7' are coupling constants and A is the scale of New Physics. The operators
(O™) are invariant under the SM gauge group. This approach is valid only if the new
particles are much heavier than My, (the electroweak scale). If the energy transfer F
and the mass of new particle M much less than A then the effect of higher dimensional
operators (O") are suppressed by the powers of % or %, which implies that the effect
of New Physics is dominated by lowest dimension operator. The only possible operator
at the lowest order in the expansion is the dimension five operator so-called Weinberg
operator [9

0= = 0" = (L¢")(4'L) (1.3.2)

This operator leads to Majorana masses of neutrino via spontaneous symmetry breaking

(SSB) in the Higgs sector. At tree level, Weinberg operator can only be mediated
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Figure 1.3.1: The generic realizations of seesaw mechanisms: type I is on the left, type
IT in the middle and type III on the right.

by a singlet fermion, a triplet scalar, or a triplet fermion [10H15]. This kind of
most natural and viable mechanism of mass generation of neutrino is called seesaw
mechanism [16-19]. As its name suggest, in this framework smallness of neutrino mass

is explained by adding heavy particle to the SM. These mechanisms are of three types:

e Type I seesaw: Addition of singlet right handed neutrinos (vz) to SM.

e Type II seesaw: Addition of extra higgs triplet to SM.

e Type III seesaw: Addition of fermion triplet to SM.

Apart from these mass models, there are many other models, so called radiative
neutrino mass models in which neutrino gets mass through loop corrections such as
Zee model [21], Zee-Babu model [22], Ma model 23] etc. One of the interesting feature
of these kind of mass models, is the prediction of mass of new particle within the
reach of present or future experiments. However, this section discusses only about the

seesaw models.
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1.3.2 Seesaw mechanisms

Type I seesaw mechanism

The neutrino mass in Type I seesaw mechanism is generated at tree level by exchange
of heavy SU(2), x U(1)y singlet right handed neutrino Ng. The most general gauge

invariant renormalizable Lagrangian in this model is given by

L=Lsy + ENR, (133)

where new physics Lagrangian Ly, is given by

Kinetic term Weinberg operator
— -~ Y, ———
Ly, = iNgdNp — (Li@Y,Ng + h.c) -5 (L )61 L) (1.3.4)

Yukawa interaction term

where qz~5 = i1y¢* and Y, is the Yukawa coupling constant. Note that the covariant
derivative D,, is reduced to partial derivative 9, since the new field Ng is color and
SU(2) singlet with hyper charge zero. The Yukawa interaction term in the above
equation gives rise to Dirac mass of neutrino via spontaneous symmetry breaking of
Higgs field at electro weak scale, whereas the last term gives rise to Majorana mass of
neutrino. Therefore, after symmetry breaking the gauge invariant Lagrangian mass

term is given by

1 _ _
~ Lonass = 5 |MpPLNp + MpNjwj, + My NpNp + hel, (1.3.5)
where the Dirac mass Mp = }:;%’ and Majorana mass M,, = ngf. One can write the
Lagrangian given above in a matrix form as
- 0o M 2
—Lomgsa = 1 { v, Ng } I Ll 4he
My, M, Ng

Then the neutrino mass matrix is given by

0 M
M, = b
ME M,
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Where Mp and M,, are N x N matrices for N generations of fermions. Then the
neutrino mass matrix can be obtained by the block diagonalisation of mass matrix

M, as in [24] and it is given by
M, = —MEMz*Mp (1.3.6)
This is known as Type I seesaw formula. For single generation (N=1), the mass matrix

is

0 M
M B

where M is the Dirac mass and B is the Majorana mass. In this case M and B are

just numbers and the mass matrix can be diagonalised by a rotation matrix

O —
sinf cos6

cosf) —sind ]
with tan 20 = 2M/B. Then neutrino mass matrix is
—my 0
0 mo ’

which is a diagonal matrix with m; , = % <$B +vB2+4M 2). The diagonal elements

m, = OM,0" =

in the neutrino matrix is negative which cannot be interpreted as a mass of physical
fields. In order to make the diagonal matrix positive, one can rewrite the neutrino

mass matrix as
m, = —my 0 _ mq 0 -1 0 _ mKQ’
0 m2 0 me 0 1

which indicates that M, = OTmK?O. Suppose B >> M, then m; ~ M?Q and
mo =~ B, which implies that m; << M. This way of explaining the lightness of left
handed neutrino by making the right handed neutrino field too heavy is called seesaw

mechanism.
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Type II seesaw mechanism

The type Il seesaw model contains a scalar triplet so-called Higgs triplet A with a
hypercharge Y = —2 in addition to the SM Higgs doublet ¢. In this mechanism, the
Majorana mass of neutrino is generated by the spontaneous symmetry breaking in

Higgs sector and the SU(2);, adjoint representation of Higgs triplet is

AT A

A = o‘\i/éi = \/Q +
2 0 _At |’

AT -

where ATt = (Al_i\/%AQ) and A% = %. The relevant term in Yukawa interaction

Lagrangian is

Ly, = YaLSinALL + h.c. (1.3.7)

This term yields the Majorana mass for neutrino by the spontaneous symmetry

breaking of Higgs triplet, whose vacuum alignment is

>
I

o O
I |

Skoo

This vacuum expectation value can be determined by the minimization of Higgs

potential
V(g,A) = m2lo+ MIATA + ;Al (nggb)Q + ;)\2 (ATA)2 + s (¢70) (AFA) + .

Now arranging the parameters in the potential in such way that the vevs of Higgs

fields at minimum

U1 Vo
= —, Apy) = —. 1.3.8
(%) 7 (Do) 7 (1.3.8)
The spontaneous symmetry breaking yields the Majorana mass of neutrino as
M, = 2y, (1.3.9)

V2

The diagonalization of this mass matrix yeilds the neutrino masses. It is also note

that Higgs triplet also couples to weak gauge bosons (W and Z). Therefore, the mass
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of the gauge boson in this model is given by

My = ng (07 +203),
My = i(g2+g’2) (v +403),
P M, 1+ 203 /07

M2 cos Oy 14403 /v

Now using the experimental bounds on p parameter (p = 0.998 &+ 0.0086) one can
obtain Z—% < 0.07. Therefore, to explain the smallness of neutrino mass compare with
1

corresponding charged lepton partner, the vy must be very smaller than its upper

limit.
Type III seesaw mechanism

In type III seesaw mechanism, a triplet fermion ¥y is added to SM. This fermion is

singlet under U(1)y and triplet under SU(2), whose SU(2), adjoint representation
is given by

20
A T }
_ 0 |
ZR

where ¥ = w Addition of this field introduces new terms in the Lagrangian.
After the spontaneous breaking of gauge symmetry the SM higgs boson achieves a vev

C

7 and the Majorana mass of neutrino is given by

M, = Ly oy (1.3.10)

From the above equation, it is clear that the smallness of neutrino mass is depend up
on the mass of new field Ms. In this way of generation of mass of neutrino is called

Type III seesaw mechanism.

1.3.3 Neutrinoless double beta decay

The discovery of neutrino oscillation, which shows neutrinos are massive particles,

boosted the importance of neutrinoless double beta decay (Ovg3). This section
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Figure 1.3.2: Feynman diagram for 2v3( process in the left panel and the Ov3j
process in the right panel.

discusses the main features of neutrinoless double beta decay.

So far, there is no compelling evidence for the Majorana nature of neutrino. However,
one can check whether neutrino is its own antiparticle by looking at the double beta
decay process, where the created anti-neutrino in one beta decay process is annihilated
and initiate the second beta beta decay process as shown in Fig. [1.3.2] The double
beta decay process without the emission of neutrinos is called neutrinoless double beta
decay. The life time of this process related to the effective Majorana neutrino mass,
which is given by

(my) = |>_UZmy| =D |Uek|*mye®*|, (1.3.11)

k k

where my, is neutrino mass, U,y is the first row elements of neutrino mixing matrix so-
called PMNS matrix, and «; is the CP violating Majorana phase. The above equation
can be rewritten in terms of three parameters m,,;, and the two Majorana phases,
where m,,;, = my for Normal mass Hierarchy (m; < my << mg3) and my,, = ms
for Inverted mass Hierarchy (m; > mg >> mg). It is important to note that the
observation of neutrinoless double beta decay process not only indicates that neutrino
is a Majorana particle but also it indicates that the lepton number is not a fundamental

symmetry of nature i.e, physics beyond the SM.

1.4 Outline of Thesis

The phenomenon of neutrino oscillation is the first ever confirmed new physics beyond

the SM. The ultimate aim of the theories and experiments which are mainly focussing
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on neutrinos is to construct a theoretical model which can explain both observed
neutrino masses and lepton mixing pattern. Such a theoretical formulation requires the
best knowledge of neutrino oscillation parameters especially neutrino mass hierarchy,
octant of o3, and CP violating phase dcp. In other words, the theoretical models
which predict wrong hierarchy, wrong octant or wrong CP phase can be ruled out.
The long baseline neutrino oscillation experiments are capable of determining all
these unknowns in neutrino sector. Though these experiments will take long time
to collect the whole oscillation data, phenomenological studies can make predictions
on the sensitivity of these experiments, which ultimately help to extract improved
oscillation data. The main focus of this thesis is to unravel the unknowns in the

neutrino oscillation sector by studying the sensitivities of long baseline experiment.

Chapter 2 of this thesis comprises all about the theory of neutrino oscillation, neutrino
oscillation experiments and the current status of neutrino oscillation parameters.
Further, chapter 3 presents a study towards extracting the best possible results from
the NuMI Off-Axis v, Appearance (NOrvA) experiment. Chapter 4 discusses a com-
prehensive study of the discovery potential of NOvA, T2K and T2HK experiments.
The impact of Non-standard neutrino interactions (NSIs), which can be considered as
sub-leading effects in neutrino oscillation, on the physics potential of long baseline
experiments are discussed in chapter 5. Finally, the summary and conclusions of the
entire thesis work and the future scope of research in this direction are discussed in

chapter 6.




CHAPTER

Theory of neutrino oscillation

The phenomenon of flavor transition of neutrino from one to other as it propagates
is called neutrino oscillation. This quantum mechanical phenomenon clearly shows
that neutrino flavor state is not equal to mass eigenstate nevertheless it is a linear
superposition of mass eigenstates. Therefore, neutrino state of definite flavor « is

related to neutrino state of definite mass my, as

va) = i: Uak [Vk) (2.0.1)

where |v) is the mass eigenstate, n is the number of neutrinos and U is the unitary nxmn
mixing matrix, which is also known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix. Neutrino is always produced as a flavor state along with its corresponding
charged lepton through weak interactions. Moreover, there are three flavors of neutrino
in SM namely electron neutrino (v.), muon neutrino (v,) and tau neutrino (v.). The

charged current interaction Lagrangian of SM neutrino in flavor basis is given by

_ 97 B -
—Loo = 5l (1= vl +hie,
= %l_aL’YHVaLWM_ +h.C,

%
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where, g is the coupling strength. If there exists mixing of charged leptons (la L =>,ULL L)

and neutral leptons (Vo = >, UX vk ) then the Lagrangian in the mass basis becomes

- T
—Lee = \%ZZQL (Uézz) Usi vt W, + hec,
ik

\j% EZ: 2}; lir (Upmns)iu V'vetW,, + h.c,

where Upyvg = (U Z)T U" is the lepton mixing matrix. In the case of charged lepton
the mass eigenstate is equal to its flavor state, which indicates that U' is a unit matrix.
Therefore, the matrix Upy;ys has only contribution coming from neutrino sector
and it is known as neutrino mixing matrix. As time evolves, neutrino can change
its flavor from one to other since its mass eigenstates evolve differently. Therefore,
neutrino oscillation can be considered as a consequence of neutrino mixing. Many
neutrino experiments have provided the strong evidences for oscillations of neutrinos
and oscillation data imply that neutrino has nonzero mass and neutrino flavors mix
with each other. This chapter discusses all about the theory of neutrino oscillation,
its evidence, the various neutrino experiments, and the current status of neutrino

oscillation parameter.

2.1 Neutrino oscillation in vacuum

This section starts with a derivation of generalised expression for oscillation probability
in vacuum and it is followed by a discussion on vacuum oscillation in both two flavor

and three flavor framework.

As neutrino propagates through vacuum, it is not bounded by any kind of potential
and free to move. Therefore, the evolution equation of mass eigenstate (1) is given

by Schrodinger equation [25]

d
Z@ll/}& :H‘I/k> :Ek‘l/k>, (211)

where H is the Hamiltonian and Ej, = /m32 + p? is the energy of neutrinos with mass
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my, and momentum p. The solution of this plane wave equation is given by

V(1)) = e " Ext |1 (0)) (2.1.2)

The corresponding evolution equation in flavor basis is given by

pal) = 3 Ve | (0)
> Ve S Ui usl0)

/B:€7IJ’7T

= 2 zn:UakUEkG*iE’“t!Vﬁ(O))- (2.1.3)

B=e,u,m k=1
The amplitude of the flavor transition of neutrino from v, — v5 can be obtained as
A () = (Vs | valt Z UakUﬂke_’Ekt (2.1.4)
k=1

Therefore, the transition probability of neutrino from an initial flavor «a to a final

flavor 3 is given by

PVa_>V[-3 (t) - |AVa_>Vﬁ (t)|2

SN UaUg Uy Ugge™ B E0t

k=11=1

SN UarUg Uz Uppe ™ Fu=Fot, (2.1.5)

k=11=1

The energy of neutrino in the exponential term can be written as

VP2 +mi = py 1+7

— p(1+27)2) =p+ 27; (2.1.6)

Since the speed of neutrino is very close to speed of light, neutrino can be considered
as an ultra relativistic particle. Moreover, the time (¢) taken to travel is equal to the
distance (L) travelled by the neutrino, i.e., t = L. Further, one can assume that the

momentum of all neutrinos are the same and [p] ~ E. Then the exponential part of
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Eqn (2.1.5) can be written as

m?2 m?
B, — E)t ~ — — —))L
(E 1) (p-+ % (p+ 2p))
2p
Am3, L
= —. 2.1.
Y5 (2.1.7)

Therefore, the oscillation probability can be rewritten in terms of oscillation length L

and neutrino energy E as

n n Am2 L
Pl/a—ﬂlg(L?E) = ZZU kUﬂl nge_z 21§l
=1

=1

3

n n ‘Am2 L
= S U U + 3N UadUnUf U™ 28—, (2.1.8)
k=l k=11=1
It is very well known that

1> UakUp* = Z \Uak|?|Usr|* + Z UakUa U Up, (2.1.9)

k=1 k#l

and from unitarity relation

> UaklUpy, = bap (2.1.10)
k=1
Therefore Eqn (2.1.8) becomes
= * * & * * —'LmilL
PVa_>V[3(L7E) = 50,5 - ZUakUﬁanlUﬁk+ZUQkU5anlUBk€ ‘2K
k+#l k;él
- 5aﬁ - [ZUakU/@l Uﬁk’_'_z kU,Bl alU[Bk:|
k<l k<l
n <A AmilL
+ [ UakUaUfy U™ 2= S Z U U UaiUsre' 2 |.
k<l k<l

Now using the properties of a complex number z (z + z* = 2R(2) and z — z* = 25(z2))

and the Euler identity (" = cos + isinf) the above equation can be written as

n n Am2 L
Proosuy (L, B) = bap =23 R(UakUsnUpUpy) + 2> R(UakUaiUzUsy) cos < o )
k<l k<l
AmZ, L
+ 2 Z UakUaUyUgy,) sin ( = >
k<l ’ 2k

n Am3, L

= Oap — 2 R(UakUaUsUj) <1 — cos ( T >>
k<l 2k

+ 22 akUﬁl Uﬁk)SIIl< o F .

k<l
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The final expression of oscillation probability is given by

n Am2, L
Py, (L, E) =605 — 42?}&(UakUnglU;k)sin2< M )

k<l 4E
Am2, L
+ 22 UaUaU, lng)sm< 25 ) (2.1.11)
k<l

The anti-neutrino oscillation probability can be obtained by simply replacing U by
U*. In the case of survival probability a = § which implies that UnUy,U,;Us;

|Uwil?|Ua;]? is real quantity and the last term in Eqn (2.1.11)) becomes zero. Therefore,

the expression of survival probability is given by

2
Am’“L). (2.1.12)

P (L E)=1 — 4Z|Uak|2\Ual|2sin2< 2

k>l

It should be noted that to happen neutrino oscillation, some of the non diagonal
elements of PMNS matrix must be non-zero and neutrino masses should be non-
degenerate i.e, the flavor state of neutrino must be a different superposition of its mass
eigenstates with definite mass. If neutrinos are massless particles, then Amy = 0
and oscillation probability B, ,,(L, E) = das. This implies that the observation of
neutrino oscillation is a direct indication of massive neutrinos. However, neutrino
oscillation can not probe the absolute mass of neutrino rather it probes the mass
squared differences. In order to observe the effect of neutrino oscillation, the phase
(Am2%) must be of the order of one. Therefore, the minimum length so called
characteristic oscillation length below which neutrino oscillation does not develop is
given by Lo, =~ E/Am?. However, if the baseline L (distance between source and
detector) is too much greater than the characteristic oscillation length then one can
observe only the average effect on the oscillation probability i.e, for L >> L. the
term in oscillation probability sin%%) averages out into half. A detailed discussion
on this topic can be seen in the following subsections which cover all about two and

three flavor oscillation of neutrinos in vacuum.

2.1.1 Two flavor neutrino oscillation

To understand flavor transition of neutrino in a simple way, one can consider the

mixing of two neutrino flavors (n = 2), for example: v, and v, mixing. In this case,
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the mixing matrix is nothing but a orthogonal rotation matrix, which is parametrised

by a mixing angle 6. Therefore, the mixing of neutrino flavor states can be represented

Ve cosf sinf V1
= . (2.1.13)
v, —sin@ cos@/ \1»s

The transition probability of two flavor neutrino oscillation is given by

as

e o [AmEL
Py, = —4§R(U61U#2U€2Uu2)sm2< 4]_? )
Am?2,L

— 4 20 : 26 s 2 kl

cos” f sin” 6 sin < 1E

Am?L
- sin2263in2< ZLE ) (2.1.14)
whereas, the survival probability is given by
Pl/e—n/e = 1- Pl/e—)VH
Am?2L
- 1—sin22981112< ZE ) (2.1.15)

This expression for probability is in natural unit (i.e, ¢ = A = 1), in which no one
bother about the units of the quantities in the phase part. While reinserting the
Planck constant (%) and the velocity of light (c) in the phase part yields

2 2.3
sin® (Am L) — sin? (Am c L) . (2.1.16)

4F 4hE

If Am? is measured in V2, E is in GeV and L is in kilometer, then the phase part

2.3 2
sin® (Am ¢ L) — sin® <1.27Am L) . (2.1.17)

becomes

AhE E

Therefore, the oscillation probability equations becomes

Am?L
P, ., = sin?20sin? (1.27 ”; ) and (2.1.18)

(2.1.19)

Am?L
Py, = 1—sin®20sin? (1.27 m )

The following points can be inferred from the equations [2.1.18 and [2.1.19|
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Probability

Probability

Figure 2.1.1: The transition probability as a function of baseline (L) for different
values of mixing angle: sin?26 = 0.8 (red solid curve) and sin® 26 = 0.4 (blue dashed
curve) with E = 1GeV and Am? = 3 x 1073eV? is given in the left panel. Whereas,
the transition probability as a function of baseline (L) for different mass splitting:
Am? =3 x 107%eV? (red solid curve) or Am? = 9 x 1073¢V? (blue dashed curve) with
E = 1GeV and sin? 20 = 0.8 is given in the right panel.

e The mixing angle 0: The parameter which gives idea about how the flavor

state of neutrino different from mass eigenstate. If § = 0, then mass eigenstate is
same as the flavor state. Therefore, for neutrino oscillation has to happen 6 must
be non-zero. Also note that the amplitude of neutrino oscillation is controlled by
the mixing angle 0. As the value of sin? 26 increases the amplitude of oscillation

increases as one can see from the left panel of Fig[2.1.1]

Mass squared difference Am?: It is clear that for neutrino oscillation to
happen the mass of neutrino states must be non-degenerate i.e., Am? = m3 —
m? # 0. The frequency of neutrino oscillation is controlled by this parameter.

For a large value of Am?, the frequency of oscillation is large as one can see

from the right panel of Fig [2.1.1]

L/E: The pattern of neutrino oscillation is depend on the ratio of distance
travelled by the neutrino and its energy (L/F). This is the parameter which
can be controlled by an experimentalist to study the phenomenon of neutrino
oscillation. The experiment which designed to look at transition probability

should satisfy the condition

L T
1.27TAm?*= = =
g 2
L T
— T = JEAE (2.1.20)
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Figure 2.1.2: The transition probability as a function of baseline (L) for Am?

3x1073%eV?, 0 = Z and E = 2GeV (solid red curve) or E = 3GeV (dashed blue
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curve) is given in the left panel. Whereas, the transition probability as a function of
neutrino energy (E) for Am? =3 x 107%eV?, 0 = T, and L = 810km (red solid curve)
or L = 1300km (blue dashed curve) is given in the right panel.

From the above equation, it is clear that one can probe very small Am? by

fixing % of an experiment. It can be easily understood from the Fig that

to observe the maximum transition probability, the baseline of the experiment is

set to L =~ 800km (= 1300km), if the energy of neutrino beam is 2GeV (3GeV).

Therefore, it is better to control the baseline L for a fixed energy E as it is very

difficult to generate neutrino with high energy. However, in reality the neutrino

beam has a spread out just as electric field from a point source, therefore one

needs a detector with surface area 2.

e Types of Experiments: The neutrino oscillation experiment is looking for

either the appearance (transition probability) of a new flavor or the disappearance

(survival probability) of the same flavor of neutrino that present at the source.

Suppose the flavor of neutrino at the source is v,,

1. vg appearance experiment: The experiment which is looking for the oscilla-

tion P,,a_,l,ﬁ|a¢5, i.e, this experiment looking for appearance events of vz

neutrinos at the detector which are coming from a v, neutrino beam.

2. v, disappearance experiment: The experiment which is looking for the

oscillation P, ,,, =1— P, ., is called the disappearance experiments,

i.e, this experiment looking for disappearance events of v, neutrinos at the

detector, which are coming from a v, neutrino beam.

The transition probability and survival probability as a function of baseline are given
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Probability

Baseline L

Figure 2.1.3: The transition probability (solid line) and survival probability (dashed
line) as a function of baseline L. with oscillation parameters sin?20 = 0.8, Am? =
3 x 107%eV?, and energy £ = 1GeV .

in the Fig. [2.1.3] From the figure, one can see that at the source i.e, L=0, there exist
only one type of neutrino say v, and as L increases the transition oscillation probability
increases and reach a point where oscillation becomes maximum ( 1.27AmT2L =7/2
with L = 400km). At this point almost 80% of initial v, converted into v,. As baseline
increase further, the transition probability decreases and around L = 800km all the
neutrinos become v,. However, in general neutrino source is not mono-energetic beam,

therefore the oscillation probability should be averaged over the energy spectrum.

2.1.2 Three flavor neutrino oscillation

This subsection is discussing about the mixing of three neutrino flavors, v., v, and v;.
In this case, the mixing matrix is a unitary 3x3 matrix. The mixing of three flavor

neutrino can be represented as

Ve Uel Ue2 Ue3 %1
V| = Uﬂl U#Q ng v, (2121)
vr UTl U’T2 U’7'3 Vg

where U is the three flavor neutrino mixing matrix.

Parametrisation of PMINS matrix: Any general n X n unitary matrix has n?

”(”2_1) are angles and %

independent parameters. Out of these parameters, are
phases. All these phases are not physical because one can reabsorb (2n — 1) phases in
to 2n fields ( n generations of fermions have n charged lepton fields and n neutrino

fileds ) in the Lagrangian. Finally, there left % phases. Therefore, the PMNS
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matrix for three generations of neutrinos can be parametrised by three mixing angles
(012, 013 and 6,3) and one phase so called Dirac CP violating phase (dcp). The standard
parametrisation of PMNS matrix [26] is given by

Upmns = R(093) R(613,0) R(6:12)
i

C12C13 S12C13 S13€
_ 5 &
= —512C23 — C12523513€" C12C23 — S12523513€" S23C13 | » (2-1'22)
19 19
512823 — C12C23513€" —C12823 — S12C23513€" C23C13

where s;; = siné,;, ¢;; = cosb;;, the matrix R(6;;) is the rotation matrix in the
ij—plane and the rotation matrix R(6;;,0) includes the C'P-violating phase. Then the
oscillation probability is given by

3
Py (L E) =60p — 4> R(UakUgnUyUj;) sin® (

k<l

Am3,L
AE

3 AmZ, L
+ ZZS(UakUB,U;lng)sin< i ) (2.1.23)
k<l 2E

It should be noted from the above equation that the last term is depend on the CP
violating phase dcp. The three flavor neutrino oscillation framework is most successful
theoretical model which could accommodate all the observed oscillation data. However,
one should also take care of the interaction of neutrino while it is propagating through

matter. A discussion on this is given in the next section.

2.2 Neutrino oscillation in matter

As neutrinos propagate through matter, their propagation is significantly modified due
to the coherent forward scattering of neutrinos on nucleons (protons and neutrons)
and electrons present in the matter. The electron neutrinos (v.) can have both
Charged Current (CC) and Neutral Current (NC) interactions with electrons present
in the matter, whereas the other flavors of neutrinos have only NC interactions. The
Feynman diagrams for both CC and NC interactions are given in the Fig. [2.2.1] The
NC contributions appear as an effective phase factor and do not affect the oscillation
probability. Whereas, the CC contribution comes only from v, and it modifies the
oscillation probability. This is known as matter effect or Mikheyev Smirnov Wolfenstein

(MSW) effect. The Hamiltonian density of CC interaction of electron neutrino on
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Figure 2.2.1: Feynman diagrams for weak CC and the NC interactions.

matter with Fermi coupling constant G and left chiral projection operator P, = (1—°)

is given by
Hp = V2Gr[ey,Prve] [Vey" Pre] . (2.2.1)
The Fierz transformation yields

H,, = V2Gp lev,Pre] [y Prve)

= V2Gr(Je), ()" (2.2.2)

The interaction potential can be obtained by taking the average of effective Hamiltonian

over the electron background in the matter
M = V2Gr (o), ()" (2.2.3)

In the non-relativistic limit, (J.), has three components: (€y,7°¢) related to spin,
(ev;e) related to the velocity, and (évpe) related to electron density. Now assume that
the matter is at rest and the medium is unpolarised, then the only nonzero component is

the expectation value of electron density, which is given by, (eyoPre) = N,. Therefore,
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the matter potential can be written as V, = v/2Gr N, and Hamiltonian becomes
H, = V. (JV)O =V, {V;LVOVGL] ) (2.2.4)

Now replacing neutrino field with its conjugate field one should get the matter

Hamiltonian for anti-neutrino as

M = Ve v %G,
— V, [ S0, |- v = Oy
= V. [- ueLc WOO%L] [P = v C
_ v [ } ey == (3")
= -V [uem ueL} (22.5)

It should be noted from the above equation that the matter potential for anti-neutrino
is negative. In general, matter potential can be either constant or it can vary as the
density of electron in the matter varies, for instance inside the Sun the electron density
is not a constant. However, this section is mainly focus on the effect of constant

matter on neutrino oscillation in a two and three flavor framework.

2.2.1 Two flavor neutrino oscillation in matter

A simple way to understand the role of matter effect on neutrino oscillation is by looking
at two flavor oscillation. For simplicity, first of all rewrite the vacuum Hamiltonian in

a convenient way. The evolution equation of neutrino mass eigenstate in vacuum is

given by
d
i i) = H v, (2.2.6)
with vacuum Hamiltonian )
_ 2;1 Tgl Tg% ] . (2.2.7)

One can write the evolution equation in flavor state as

d
i Vo) = UHU |1,) . (2.2.8)
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Therefore, the Hamiltonian in flavor state is given by
Hy = UHUT,

cosf sind ?—g 0 cosf —sinf
—sinf cosf 0 ™ sind cosf |’

2
2E

m% —|—m§j_ N Am%l

4F 4F

sin20  cos 26

—cos 260 sin20 ]

Am?

- H
ot B

(2.2.9)
sin20  cos 260

—cos 26 sin 26 ]

In two flavor framework, the evolution of neutrino state in presence of constant matter
density is given by

0
=

at |VOC> = HEff |V04> ) (2210)

where the effective Hamiltonian is given by

Ve 0
Hepp = Hy + ( 0 0 ) : (2.2.11)

An addition of diag(—%,—%) to the above Hamiltonian and removal of Hy from
the Hamiltonian do not affect the oscillation probability. Now defining a parameter

A= i% the Hamiltonian becomes

Am2> ( —cos20+ A sin 20 ) ' (2.2.12)

Hepr = | ——=
1 ( 4E sin 26 cos20 — A

The Hamiltonian can be re-diagonalised by using a rotation matrix with mixing angle

0,,. To diagonalise a Hamiltonian of the form

A BetP
H = , , 2.2.13
Be P C ( )
one can use a rotation matrix
R | costh  sinfe” , (2.2.14)
—sinfpe ™ cosb,
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with tan 20, = CZ—ng. Therefore, the diagonalisation of H.s; gives

sin 26

tan 260,, —_—
o (cos20 — A)

(2.2.15)

The final Hamiltonian will be of the form

Am? — cos 20, sin 26,
”Heff=< mm>( o . ), and (2.2.16)

4F sin260,, cos20,,

the oscillation probability is

(2.2.17)

Am? L
P(v, — v,) = sin® 20,, sin® ( Mo ) ,

4F

where sin 26,,, and Am?, are the effective mixing angle and the effective mass squared

difference in presence of matter and they are given by

<20 — sin 260
" \/(cos 20 — A)? + sin? 20
Am?, = Am?\/(cos20 — A)? + sin? 20. (2.2.18)

The consequences of matter effect can be understood from above set of equations and

they are followings:

e To observe significant matter effect either long baselines or higher matter density
is required. As V, — 0, the Am?2, — Am? and sin® 26,, — sin®26 i.e, vacuum

oscillation can be achieved.

e sin?20 = 0 = sin?26,, = 0, then there will not be any oscillation. This
indicates that oscillation of neutrino in presence of matter is only possible if

there exists vacuum oscillation.

e As V, — oo, then sin?26,, = 0. This means that neutrino oscillation can not be

possible in a very dense medium.

e If cos260 = A, then the mixing angle is always maximal sin 26,, = 1. Therefore,
the oscillation probability is significantly enhanced irrespective of the value
of vacuum mixing angle (#). This is known as resonant condition or MSW

resonance. Therefore, under the resonant condition, the effective probability can
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be enhanced even for a small values of 6. Further, at resonance condition

Lyge = L cos 20, (2.2.19)

where L,,. = i’;g is the vacuum oscillation length and L, = WWF‘M is the

neutrino-electron interaction length.

e The matter potential V, changes sign while go from neutrino to anti-neutrino.
Therefore, the oscillation probability for neutrino and anti-neutrino are different

in presence of matter effect.

e It should be noted that the value of Am?2, and sin?20,, are different for different
signs of Am?. As mentioned earlier, the parameter V, also changes sign as one
go from neutrino to anti-neutrino. For normal hierarchy, A = 2FEV, is positive
for neutrino and negative for anti-neutrino. Whereas for inverted hierarchy, A is
negative for neutrino and positive for anti-neutrino. Therefore, the matter effect

plays crucial role in the determination of neutrino mass hierarchy.

2.2.2 Three flavor neutrino oscillation in matter

This subsection discusses how the presence of matter affect the oscillation probability in
three flavor framework. Since it is very difficult to obtain the exact analytical expression
of probability in three flavor framework, one should use certain approximation to get the
analytical expressions, for instance one mass scale dominance (OMSD) approximation.
In three flavor framework, the effective Hamiltonian in presence of matter in the flavor

basis is given by

X m2 0 0 V. 00
Hep = U 0 m3 0 [U+]0 00/,
0 0 m} 0 00
X [0 0 0 V. 00
= 5gU |0 Amj 0 U+ 0 00/, (2.2.20)
00 Amj 0 00

where AmZ; = m7 —m?. The experimentally measured value of Am3, (= 107°eV?)
is really small while comparing with that of Am3, ( & 1073e¢V?). Therefore, one

can neglect the contributions from Am3, terms and this is known as the OMSD
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approximation. It is also note that the effect of solar mixing angle and CP-violating
phase are irrelevant under this approximation. Therefore, the PMNS matrix in the

above equation becomes

1 0 0 C13 0 S13
U= 0 Cao3 S923 0 1 0 . (2221)
0 —s23 ca3 —s13 0 ci3

Then the energy eigenvalues of H.s are given by

1 _

B =g _Am§1 + A+ Am3,/(cos 26015 — A)? + (sin 2913)2_ , (2.2.22)

Bo=0 (2.2.23)
1 i

E; = 1B _Am%l +A—- Am§1 \/(COS 2013 — A)? + (sin 291?’)2- L (2.2.24)

It can be understood from a qualitative analysis that matter effect only changes the
evolution equation of electron neutrino (1) and the mixing of mass eigenstates of v, is
independent of atmospheric mixing angle 93. Therefore, the modified mixing matrix

in the OMSD approximation will be of the form
Moreover, the modified mixing angle 674 in terms of the vacuum mixing angle 6,3 can

be obtained as

sin 2013
tan 207 = ———. 2.2.26
M= os 2013 — A ( )

Then the oscillation probabilities for v, — v, is given by

P(v, — v.) = sin®fyysin’® 2073 sin® (A;né”jL) : (2.2.27)
where

Amg = Am2,\/(cos 2015 — A)? + (sin 2613)2. (2.2.28)
It should be noted that the OMSD approximation is valid only if AmT%lL < 1, which

means that the ratio of the baseline to energy of neutrino must be L/E < 10*km /GeV.

Therefore, this approximation can be used to study the atmospheric neutrinos.
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2.3 Evidence of neutrino oscillation

2.3.1 Solar neutrino problem

The Sun is a natural source of electron neutrinos. The fusion reaction of Helium nuclei
produces lots of electron neutrinos, whose energies are in few MeV range. The chain
reactions that are responsible for electron neutrino production are given in the left
panel of Fig. [2.3.1] The Standard Solar Model (SSM), the very well verified theoretical
framework based on Helioseismology observations, predicts that most of the electron
neutrino flux is coming from the proton- proton chain reactions, which can be easily
understood from the neutrino energy spectrum that given in the right panel of Fig
[2.3.1] There are several experiments which are indented to measure the solar neutrino
flux like Gallium experiment, Chlorine experiments, Super KamiokaNDE and SNO
etc. It can be seen from the figure that the Gallium experiment is the most sensitive
experiment among all the solar neutrino experiments, which can probe neutrino flux
even below 0.4MeV.

John Bachall theoretically calculated the neutrinos flux that are coming from the
fusion reactions at Sun based on SSM. However, there was a repeated mismatch
between the theoretically predicted and experimentally observed neutrino flux, which
is known as Solar neutrino problem. The average neutrino rate obtained by Ray Davi’s

Homestake experiment was
Resperiment = 2.56 £ 0.25 v, cm ™ 2s™? (2.3.1)
which is well below the theoretically predicted neutrino flux by Bachall,
Riheory =81+1.3 v, em s (2.3.2)

This deficit in the neutrino flux confirmed by a series of solar neutrino experiments
such as SAGE at the Baksan Laboratory in Russia and GALLEX based at Gran Sasso.
These results lead to the suspicion that the neutrino can oscillate from one flavor
to other. Later, this is confirmed by the Super-kamiokande and Subdhury Neutrino

Observatory experiments.
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Figure 2.3.1: The chain reactions that produce electron neutrinos are on the left side
and the neutrino energy spectrum is on the right side.

2.3.2 Atmospheric neutrino anomaly

The Earth’s atmosphere is always being bombarded by cosmic rays which are coming
from the outer space. The interaction of these high energy radiation, which composed
of high energy protons, electrons, alpha particles and other heavy nuclei, with the
atoms in the atmosphere produce a shower of mesons including charged pions. Further,

these pions undergo decay and give both electron and muon neutrinos as

™ — ut+v, and pt decaysas put — et +uv.+ 1,

T — w +v, and p decaysas pu —e + U+ v,

It should be noted that the decay channel 7+ — e™ + v, is chiraly suppressedEl From
the decay pattern of charged pions, one can see that the ratio of number of muon type
neutrinos to that of electron type neutrinos in each pion decay is 2. Therefore, if one

considers all the interactions, even then the ratio must be

_ INW)+N@)L _ N
Rtheory - [N(Ve) +N(176)] = Ne ~ 2. (233)

However, the experimental observations is merely different from what is expected

from the theory. In other words, the ratio of number of events R = N/ Ne)gpsered.
(NM/Ne)predicted

is always less than one. This discrepancy in the expected and observed number of

IThe electron and the electron neutrino are left handed particles whose spins are always in a
direction opposite to the direction of their momenta. In the center of mass frame (CM) of pion
decay, there is no way of get back pion spin as 1 from these decay products. However, muon is much
massive than that of electron.
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Figure 2.4.1: The neutrino sources with different energies.

neutrino is known as atmospheric neutrino anomaly. This missing of atmospheric
neutrinos lead to the suspicion of oscillation of neutrino from one to other flavor.
Later, Super-kamiokande obtained the zenith angle distribution of both muon-like
and electron-like events. From these results, it is found that the observed electron-like
events are well matched with the expectation, whereas observed muon-like events are
significantly deviated from that of expected. All these results support the atmospheric

neutrino oscillation.

2.4 Neutrino oscillation experiments

Neutrinos are present every where in the universe. All these neutrinos are produced
through weak interactions from different sources (natural and man-made sources)
with vast range of energies as shown in Fig [2.4.1] Therefore, there used different
experimental technique to detect neutrino with different energies. This section discusses
the various experiments that are used to study the phenomenon of neutrino oscillation.
Each of these experiment probe neutrino with a definite energy range, so one should
know all possible interactions of neutrino at the detector to avoid the misleading

results. Therefore, this section starts with a brief discussion on neutrino interactions.
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Interactions of neutrino at the detector

This subsection discusses about the type of neutrino interactions, which play crucial
role in neutrino oscillation experiments. It is not possible to detect neutrinos directly
and the detection of neutrino is usually done by looking at the charged lepton produced
at the detector through the Charged Current interaction of neutrino with the target
materials. Therefore, Neutral Currents are irrelevant for the detection of neutrino
unless and until one needs to measure total neutrino flux irrespective of flavours. The

interaction of neutrinos:

e Neutrino-nucleon scattering: The interaction of neutrino with the nucleon
(proton or neutron) in the target is called neutrino-nucleon scattering. This
process can be occurred in three different ways depending on the energy of the

neutrino and they are:

— Quasi-elastic scattering (QE) for F, ~ 1—10MeV: In this scattering process

the nucleon (Nu) converts into its isospin partner (Nu'), i.e.,

v+ Nu—I1"+Nu and v+ Nu—IT+Nu'. (2.4.1)

— Resonance scattering (RES) for E, ~ 1GeV: As the name indicates, the

nucleon excited to its resonance state in this process, i.e.,

v+ Nu—1"+Nu" and v+ Nu—I"+ Nu, (2.4.2)

— Deep inelastic scattering (DIS) for E, > 1GeV: In this process, neutrino

interact with the valence quark present in the nucleon, i.e.,

v+q—1"+X and v+qg—IT+ X (2.4.3)

e Neutrino-nucleus scattering: In this process, neutrino interacts with the
nucleus (bound state of nucleons) in the target and neutrino excites the parent

nucleus present in the detector, i.e.,

Ve+ N(Z,A) e + N(Z+1,A). (2.4.4)
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e Neutrino-electron scattering: In this case electron neutrinos can have both
CC and NC interactions, whereas other neutrinos (v, or v.) only have NC

interaction, i.e.,

Vet e — Uete (Co) (2.4.5)

Vp+e — Upte (NC). (2.4.6)

However,at high energy the interaction cross sections of neutrino-electron scattering is

much lesser than that of neutrino-nucleon scattering as one can see from [27].

2.4.1 Solar neutrino experiments

The experiment which is indented to study the electron neutrinos that come from the
Sun is known as solar neutrino experiment. They are of two types namely radiochemical

and real time experiments.

e Radiochemical experiments:
The radiochemical experiments make use of neutrino-nucleon scattering to detect
the solar neutrino. This interaction converts the nucleus present in the detector
to a new nucleus, i.e., v, + N(Z,A) — e~ + N'(Z + 1, A) and the total count
of those new nuclei (N’) give the number of electron neutrino, which can be
achieved by looking at the decay products of new nucleus N’. There are different
types of radiochemical experiments which are using different target materials in

the detector.

— Chlorine Experiments:
As the name indicates the target material used in this experiment is Chlorine
atoms. The detector of this experiment is filled with tetrachloroetilene.

Therefore, the observed reaction in this experiment is
Ve + CPT — 7 + Ar¥7,

The number of neutrino events are calculated by counting the Argon atoms

in the detector. The energy threshold of this experiment is 0.813MeV
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and hence this experiment is less sensitive to Be” solar neutrino and more

sensitive to B® solar neutrinos.

— Gallium experiments:
These experiments use gallium as target material and the corresponding

neutrino interaction is

Ve + Ga™ — e + Ge™.

The number of neutrino events are determined by counting the number
of germanium atoms produced in the detector. The energy threshold of
this experiment is 0.223M eV and hence this experiment is mainly looking

for neutrinos from proton-proton chain reactions. There are three types of

gallium experiments and they are GALLEX, SAGE, and GNO.

e Real time experiments:

These experiments use water as target material and they are looking for the
Cherenkov radiation emitted by the fast moving particle produced during the
charged current neutrino interaction. These Cherenkov radiations are detected
by the photomultipliers placed on the detector surface. The speciality of this
kind of detector is that one can identify the flavor of neutrino by looking at
the pattern of Cherenkov radiation, i.e, the Cherenkov radiation from a muon
yields very well defined circular ring whereas that from a electron gives a fuzzy
ring. Hence, a well defined ring in the detector corresponds to muon neutrino
event and the fuzzy ring corresponds to electron neutrino event. Moreover, if
one uses a magnetised iron detector, then it is possible to identify the charge
on the lepton by looking at the path travelled by the particle. Kamiokande,
Super-Kamiokande (SK), and Subdhury Neutrino Observatory (SNO) are the

some examples of real time neutrino experiments.

— Kamiokande and Super-Kamiokande:
These experiments detect neutrino via neutrino electron scattering process
ie., v, + e~ — v, + e, which indicates that these experiments are only
sensitive to electron neutrinos. Moreover, these experiments, which use
water as target material, have a energy threshold 7TMeV and they are

mainly sensitive to B® solar neutrinos. The neutrino event rate obtained
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by Kamiokande is ¢(v,) = 2.80 + 0.19 £ 0.33 x 10%cm~2s~! with ratio
R = J\J,\;ﬁ = 0.50 4+ 0.04 4 0.07. Whereas the event rate for SK is ¢(v,) =

2.35+0.02+0.08 x 108¢m 25! with ratio R = Nfgﬁ =0.47+0.04+0.014.

Both Kamiokande and SK confirmed the solar neutrino puzzle.

— Sudbury neutrino Observatory (SNO):
The SNO uses 1000 tons heavy water (D,0) as target material. Further,
the underground detector of this experiment is looking for the following

type neutrino interactions

ve+d — p+p+e (CConly sensitive to v,)
v, +e — vy+te (ES: sensitive to all v)
vy +d — p+n+u, (NC:sensitive to all v).

(2.4.7)

Since SNO can determine the NC events by looking at the signals for
neutrons in the final states, it enables to determine the flavor independent
neutrino flux from Sun unlike Superkamiokande. Moreover, the fluxes in

2

the units of 106cm=2sec™! are given by

$(CC) = 1.76 4 0.06 % 0.09,
H(ES) = 2.3940.2440.12,

O(NC) = 5.094 0.44 + 0.46.

Interestingly, the number of neutrinos observed via NC interaction is in
agreement with that predicted by the SSM, whereas the number of electron
neutrinos via CC interaction is only one-third of that predicted by the SSM.
In this way SNO experiment provides a clear evidence of flavour transition

of neutrino.
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2.4.2 Atmospheric neutrino experiments

These experiments are indented to detect atmospheric neutrinos that is produced
through the interaction of cosmic rays with the atoms in the atmosphere. The detector
of this experiment is under-grounded to reduce the backgrounds due to cosmic rays.
Moreover, the Super Kamiokande experiment is also looking for atmospheric neutrino
oscillation and measured the upward and downward going muon neutrino fluxes. It
has been seen that the number of muon neutrino which are coming in the downward
direction is not equal to that is going in the upward direction, whereas the number
of electron neutrinos are the same. This indicates the most of the muon neutrino
which are going in the upward direction are oscillated to other kind of neutrinos.
As these experiments are looking for the neutrinos which are travelling through a
varying matter density like solar neutrinos, they are more sensitive to determine the
mass hierarchy of neutrino, which is the one of the main goal of current and future

generation oscillation experiment.

2.4.3 Reactor neutrino experiments

These man-made experiments are looking for the electron anti-neutrino coming from
the nuclear reactors. Moreover, the anti-neutrinos are detected by Inverse Beta
Decay (IBD) processes using liquid scintillator detector. These experiments can
constrain both solar and atmospheric neutrino oscillation parameters by choosing
appropriate baseline for the experiment. The KamLAND reactor experiment is very
long baseline experiment looking for solar neutrino oscillation parameters, whereas
the short baseline reactor experiments like RENO, Double CHOOZ, and Daya Bay

constrain the atmospheric mass squared difference and the reactor mixing angle.

2.4.4 Accelerator neutrino experiments

The experiments which use accelerators to produce neutrino beam are called accelerator
experiments. These experiments are categorised into two on the basis of baseline

length: short baseline experiments and long baseline experiments. The short baseline
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experiments like LSND, MiniBooNE, KARMEN etc are designed in such way that
they can observe the neutrino oscillation driven by a mass squared difference of 1eV/?
and some of them are indented to do the precision measurements of neutrino flux and
the interaction crossection. Whereas long baseline experiment are mainly indented
to observe the atmospheric neutrino oscillation, or in other words they are looking
for the oscillation driven by mass squared difference of 2.4 x 1073eV?2. Moreover, the
main objectives of long baseline experiments are both the precision measurements
of neutrino oscillation parameters and the determinations of current unknowns in
the neutrino oscillation sector, i.e., determination of neutrino mass hierarchy and

CP-violating phase and resolutions of atmospheric mixing angle.

2.5 Current status of neutrino oscillation parame-

ters

This section discusses the current status of oscillation parameters in the standard
three flavor picture of neutrino oscillation. They are: three mixing angle (012, 013, 0a3),
two mass squared differences (Am2,, AmZ,) and one phase dcp. These parameters

can be divided into mainly three categories:

e Solar neutrino sector: (sin?260;, , Am3,)
The solar mixing angle and solar mass squared difference are constraint mainly
by solar neutrino experiments (SNO, Super Kamiokande) and reactor experiment
(KamLAND). The solar neutrino oscillation experiments are looking for electron
neutrino disappearance events, whereas the reactor experiment is looking for
electron anti-neutrino disappearance events. The oscillation parameters are

constraint by using two flavor survival probability,

P(ve = v,) = 1 — sin® 20, sin® (1.27 (2.5.1)

2
Am®L> .
The constraint on the parameters are obtained by comparing the experimental

data with fit data in a sin® 20 — Am2 plane. The solar neutrino that is coming

from the inner core of the Sun travels through a varying matter density.
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Figure 2.5.1: Neutrino mass ordering

e Atmospheric neutrino sector: (sin? 20,3, Am2, ~ Am3,)

The atmospheric mixing angle and atmospheric mass squared difference are
constraint by the atmospheric neutrino experiments and long baseline accelerator
experiments. The atmospheric experiments like K2K and MINOS are looking

for the v, survival probability,

Am?, L
P(v, — 1) = 1 — $in® 204, sin’® <1.27mgm> . (2.5.2)

Reactor neutrino sector: (sin®26;3)
The reactor experiments , which are looking for v, disappearance events,
are indented to determine the mixing angle #,3 by looking at the electron

anti-neutrino survival probability,

A 2
P(v. — 1.) = 1 — sin? 20,3 sin’ (1.27”2”’”) . (2.5.3)
Initially, these experiments did not observe any kind of oscillation and obtained
an upper bound on 63. Later, the accelerator experiments like T2K and
MINOS disfavoured the 613 = 0. Recently in 2012, Double Chooz , Daya
Bay [34], and RENO confirmed that ;3 # 0 and obtained the value of

013 ~ 9°.
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Experiment Dominant | Important
Solar Experiments 019 Am3,, 013
Reactor LBL (KamLAND) AmZ, 012, 13
Reactor MBL (Daya-Bay, Reno, D-Chooz) 013 |Am?,|
Atmospheric Experiments a3 |Am2,|, 013, dcp
Accelerator LBL v, Disapp (Minos, NOvA, T2K) | |Am3,|, 0a3
Accelerator LBL v, App (Minos, NOvA, T2K) docp 013, 023, sign(Am3,)

Table 2.5.1: Experiments contributing to the present determination of the oscillation

parameters.

The experimental endeavours in the past few decades have firmly established the

phenomenon of neutrino oscillations [38-40]. The experiments contributing to the

present determination of the oscillation parameters are given in Table and the

present global fit values of oscillation parameters are given in Table [2.5.2]

Mixing Parameters Best Fit value 30 Range
sin’ 015 0.323 0.278 — 0.375
sin? 3 (NH) 0.567 0.392 — 0.643
sin? fys (IH) 0.573 0.403 — 0.640
sin® ;5 (NH) 0.0234 0.0177 — 0.0294
sin® 615 (IH) 0.0240 0.0183 — 0.0297
Am2, /1075 eV? 7.6 7.11 — 8.18
|Amag|?/1073 eV? (NH) 2.48 2.30 — 2.65
|Ama|?/1073 eV? (IH) 2.38 2.20 — 2.54

Table 2.5.2: The best-fit values and the 3o ranges of the neutrino oscillation parameters

from Ref. [28].

However, till now no one knows whether the third mass eigenstate of neutrino v3 is

heavier or lighter than other two mass eigenstates v, and v4. If v3 is heavier than other

two mass eigenstates then neutrino masses in the order m; < my << mg3 and it is

called Normal Hierarchy (NH), whereas if v5 is lighter than other two mass eigenstates

then neutrino masses in the order m; > ms >> mj3 and it is called Inverted Hierarchy

(IH) as one can see from Fig. . Further, the Super-kamiokande experimental

result shows that the third neutrino mass eigenstate is composed of equal amount of v,

and v, i.e., experimental data prefers a maximal mixing of atmospheric mixing angle
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(fe3 = w/4). However, disappearance measurements of MINOS [29] point towards
non-maximal mixing, which contradicts the measurements of Super-Kamiokande.
Therefore, there are two possibilities: a3 can be less than 7 /4, so called Lower Octant
(LO) or 6a3 can be greater than 7/4, so called Higher Octant (HO). Furthermore, the
results from current generation long baseline neutrino oscillation experiments T2K [36]
and NOvA [37] hint towards a maximal CP violation i.e., dcp = —90.

The determination of neutrino mass hierarchy and the CP violating phase, and
resolution of octant atmospheric mixing angle are the main challenging goals in the
field of neutrino oscillation research, since all these unknown parameters play crucial

role in neutrino mass model building.

2.6 Conclusions

This chapter started with a discussion on neutrino oscillation. Then obtained a general
expression for oscillation probability. Thereafter, the discussion was on the vacuum
oscillation and oscillation in the matter. This followed by a discussion on evidence
of neutrino oscillation, various neutrino oscillation experiments and current status of
neutrino oscillation parameters. It can be seen that there are still unknown parameters
in the standard paradigm of neutrino oscillation such as neutino mass hierarchy, CP
-violating phase and octant of atmospheric mixing angle. There are several neutrino
oscillation experiments overall the world are taking part in the quest for the determina-
tion of these unknowns in the neutrino sector. Moreover, the proposed experiments to
improve the oscillation data, which are under the construction. The following chapters
discuss the physics potential of currently running experiments like T2K and NOvA
and proposed experiments like T2HK and DUNE.




CHAPTER

Towards extracting the best possi-
ble results from NOvA

3.1 Introduction

The NuMI Off-Axis v, Appearance (NOvA) is the currently running leading long-
baseline neutrino oscillation experiment, whose main physics goal is to explore the
current issues in the neutrino sector, such as determination of the neutrino mass
ordering, resolution of the octant of atmospheric mixing angle and to constrain the
Dirac-type CP violating phase dcp. The determination of these parameters by an
oscillation experiment like NOvA, which is mainly rely on the oscillation probability,
is extremely difficult due to the parameter degeneracies, since various combination of
these parameters give the same probability. The scheduled run period of NOvA is
for a total of six years with first three years in neutrino mode followed by the next
three years in antineutrino mode. Therefore, it is of great importance to study the
ability to discriminate the degeneracies between different oscillation parameters of this
experiment within a minimal time-span, since it leads to an early understanding of
neutrino oscillation parameter space. A lot of work has been done in the literature to
resolve these degeneracies among oscillation parameters . Moreover, there was a

suggestion for the need of an early anti-neutrino run to get a first hint of mass ordering
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in NOvA [44]. There it has been shown that the sensitivity for the determination
of mass hierarchy is above 20 (i.e., x> > 4) only for dcp value around F90° for true
hierarchy and octant as NH-LO or HO-TH, where the scheduled run time, i.e., (3 yrs
in ¥ mode + 0 yr in ¥ mode) gives almost null sensitivity. However, this chapter
discusses about how to extract the best possible results from NOvA with shortest
time-span by analysing its physics potential and degeneracy discrimination capability
for a total of four years of runs, with two years in each neutrino and antineutrino
modes.

Furthermore, this chapter also discusses whether there is any improvement in the
sensitivities by adding data from T2K experiment for a total of five years run with 3.5

years in neutrino mode and 1.5 years in antineutrino mode.

This chapter starts with a detailed discussion on currently running experiments T2K
and NOvA. This is followed by a discussion on the various degeneracies among the
neutrino oscillation parameters. Subsequent sections contain the details of simulation
of T2K and NOvA experiments and comparative study of NOvA experiment to
determine the mass ordering and octant determination of f93. Finally, the conclusions

of the sensitivity analysis are given in the last section of this chapter.

3.2 Current generation long baseline experiments

This section discusses the main objectives of current generation long baseline experi-
ments. The discovery of neutrino oscillation by SK [45] is a milestone in the neutrino
physics, which opens up a way to explore the basic nature of a fundamental particle
neutrino and new physics beyond SM. The observed deficit in atmospheric neutrino
flux can be interpreted as the flavor transition of muon neutrino to other flavors.
However, the CHOOZ experimental data [46] excluded the possibility of the muon to
electron neutrino flavor transition as the dominant flavor transition. Thereafter, the
first generation long baseline experiments like K2K [47], MINOS [48], ICARUS [49] and
OPERA [50] are introduced to observe the signals for muon neutrino to tau neutrino
oscillations, which required a very high energy neutrino beam since the threshold

energy for CC interaction of tau neutrino is about 3.5 GeV. Subsequently, the three
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flavor mixing of neutrino becomes the standard picture of neutrino mixing, which
also contains 63 terms in the muon neutrino to electron neutrino oscillation proba-
bility. Moreover, the observation of muon neutrino to electron neutrino oscillation
is a clear indication of nonzero #,3. Therefore, the current generation long baseline
experiments are designed in such way that to observe signals for muon neutrino to
electron neutrino oscillation. The uniqueness of this oscillation channel is that it is
also sensitive to current unknowns in the neutrino oscillation sector such as neutrino
mass hierarchy, CP-violating phase and octant of atmospheric mixing angle. T2K [51]
and NOvA [52,53] are currently running long-baseline neutrino oscillation experiment

and they are looking for:

e 1, and v, appearance events: To determine the value of 63, determination of

the octant of fy3, mass ordering and constrain the Dirac CP phase.

e v, and v, disappearance events: The precision measurement of atmospheric

oscillation parameters, Am3, and 6a;.

The T2K experiment uses muon neutrino beam with power 0.77MW, which is coming
from Japan Proton Accelerator Research Complex (JPARC). JPARC produces mesons
(pions and kaons) by colliding 30 GeV proton beam on a graphite target. These
mesons direct towards the decay pipe, through which they under go decay and produce
muon neutrinos. The polarity of current on the magnetic horns placed inside the
decay pipe determines whether the produced beam contain neutrinos or antitneutrinos.
The direction of muons produced from the meson decay determines the direction of
neutrino beam. The neutrino beam is directed towards a water Cherenkov detector
with fiducial mass 22.5 kiloton which is placed about 295km far away.

Whereas, NOvA uses an upgraded NuMI beam power of 0.7 MW at Fermilab. The
Main Injector accelerator produces mesons by colliding 120GeV proton beam on carbon
target. The produced neutrino beams is directed towards 14 kiloton totally active
scintillator detector (TASD) placed about 810km away from Fermilab (near the Ash
River). It also has a 0.3 kton near detector located at the Fermilab site to monitor
the un-oscillated neutrino or anti-neutrino flux.

Moreover, both T2K and NOvA make use of off-axis technique to get neutrino energy

spectrum with very narrow band as one can see from [54]. Further, this technique
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enables the flux to peaks at low energies, which helps to suppress the high energy tail
of neutrino energy spectrum and reduces the backgrounds due to NC interactions and
tau productions. Moreover, the monochromatic neutrino beams enables to distinguish
between the v, signals from the intrinsic v, background present in the muon neutrino
beam. The far detector of NOvA experiment is placed 0.8° off-axis from the NuMI
beamline, whereas that of T2K is kept 2.5° off-axis to the central line of neutrino
beam.

One of the main objective of current generation experiments is the resolution of
degeneracy among the oscillation parameters. Next section discusses about the various

parameter degeneracies among the oscillation parameters.

T2K [3.5+1.5] NOVA
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Figure 3.2.1: Neutrino and antineutrino appearance events for the v, — v, versus
v,, — v, channels by assuming both IH and NH and for lower and higher octants of
923.

3.3 Neutrino oscillation parameter degeneracies

The resolution of degeneracies among the oscillation parameters is one of the main
challenge in neutrino physics. This section discusses the various degeneracies among
the oscillation parameters and the best ways to analyse these degeneracies.

In general, the parameter degeneracies in neutrino oscillation sector are of mainly
three types and they are: (dcp,013), sign of Am2, and (623, 7/2 — 43). Recently, the
reactor experiments such as Daya Bay [34], Double Chooz [33] and RENO [35] have
precisely measured the value of the reactor angle as sin? 26,3 ~ 0.089 £0.01. Therefore,

the eight fold degeneracy is reduced to four-fold degeneracy. Out of these degeneracies,



Towards extracting the best possible results from NOvA 51

the degeneracy in which a3 can’t be distinguished from (7/2 — 6a3) is called octant
degeneracy and the degeneracy in the sign of Am3, is called hierarchy ambiguity. So
far left with four degeneracies and they are represented as NH-HO, NH-LO, TH-HO and
IH-LO, where NH/IH (HO/LO) stands for Normal/Inverted ordering (Higher/Lower
Octant). Resolution of these degeneracies are the main challenges of the present and
future long-baseline neutrino oscillation experiments, which are mainly looking for
oscillation from v,,(v,) — ve(V.). The expression for the oscillation probability, which
is up to first order in sinfy3 and o = Ay; /Ag is given as [55-57]
Py, —»rv.) = sin® 26,3 sin? %;;W

sin AA sin(A — 1)A
4+« cos B3 sin 2015 sin 2045 sin 260 — =
13 12 13 23 1 A-1)

cos(A + dcp),

(3.3.1)

where A = Am2,L/4E and A = 2/2G pn.E/Am2,, where G is the Fermi coupling
constant and n. is the electron number density. For neutrinos, Ais positive for NH
and negative for IH. For antineutrino, A and 6cp reverse their sign, i.e, A— —A and

5cp — —5013 for P(ﬂu — De).

The best way to express the degeneracies without any mathematical expression is
simply by using bi-events curves. The bi-events plots for various octant-hierarchy
combinations of T2K and NOvA are depicted in Fig. 1, which are obtained by
computing the v(v) appearance events for the full range of dcp with a particular
octant-hierarchy combination. The detailed description of event simulation of a
particular experiment is given in the next section. From the plots, it can be seen
that the ellipses for two hierarchies overlap with each other for both T2K and NOvA
for Lower Octant, which show that they have poor mass hierarchy discrimination
capability. Whereas, the overlap is minimal for Higher Octant in the case of NOvA,
which shows that NOvA has better degeneracy discrimination capability compared
to T2K. However, the ellipses for HO and LO are very well separated and they have
good octant resolution capability. Moreover, NOvA (2+2) has better capability to
determine the octant of 63 among all other combinations due to balanced v and v

runs.
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3.4 Simulation details

The General Long Baseline Experiment Simulator (GLoBES) [128,|129], a magnificent
software package, is used to do the numerical simulations. In GLoBES, the experimen-
tal set-ups are specified by using Abstract Experiment Definition Language (AEDL).
Further, the simulation of events and sensitivity analysis are done by using C-user
interface. The capability of an experiment to determine a parameter or resolve an
ambiguity is known the sensitivity of that particular experiment. It is determined
by performing the y? analysis using the method of pulls [60-62]. The event rate (N)
for an experiment with a particular set of oscillation parameters p'is a function of
the detector mass M, the energy resolution R of the detector, the run time 7' of that
experiment, the cross section ¢ of neutrino at the detector, the efficiency € of the
detector, and the flux ¢ of neutrinos. It should be note that these characteristics are
different for different experiments, which can be adjusted in a particular experiment
in such a way that to achieve the best sensitivity (optimization of experiment).

In order to do x? analysis, one simulate the true event rates with the present best fit
value of the oscillation parameters and compare it with the event rate of the hypothesis
(test event rate). Therefore, the statistical x? is given by

(Nitrue . Nitest)Q

- (3.4.1)

Xitat (ﬁ:ruea ﬁtest) = Z

i€bins
However, one should also take care of the uncertainties that are coming from both
theoretical inputs and the experimental systematics. These uncertainties can be

incorporated by using method of pulls as mentioned earlier. In this method, the x? is

defined as

Nprue _ Nfcest 2 2
Xg(p:crue;ﬁtest) = Hléin |:( Z ( v ¢ (5)) ) + i 7 (342)

true 2
N; o¢

i€bins

where the parameter ¢ is known as nuisance parameter and o is the 1o systematic error
of corresponding nuisance parameter. The terms associated with nuisance parameter
in the x? expression are called pull terms and these parameters are minimized at each
test point. The &2 term is the penalty term that added to x? in order to compensate
the systematic effects as test rate Nf* modified to Nf*(¢). The nuisance parameters

do not have any direct involvement in the neutrino oscillation, but they vary with the
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experiment that one consider for the analysis, for instance error associated with flux
normalisation, cross section, fiducial mass of the detector etc.

Further, obtain minimum y?Z,, by doing marginalization over all oscillation parameter
space. The shifting of a oscillation parameter from the true value can worsen the
fit of the experiment which used to determine that particular parameter. Therefore,
add penalty terms for the oscillation parameter so called priors to x2. Hence, the

minimised y? with a Gaussian prior on the oscillation parameter 6,3 is given by

sin? 2617 — sin? 26,5\ >
inm = MZn [X?(ﬁtrue?ﬁtest) + ( 0'(1;112 2913) 13> ] (343)
Characteristics T2K NOvA
Beam power 0.77TMW 0.7TMW
Detector mass 22.5kt Water Cherenkov 14kt TASD
Baseline 295km 810km
Run time 5 yrs. (3v+ 20) 4 yrs. (3v+ 1v)
and (2v+ 2v)
Flux peaks at 0.6 GeV 2GeV
P, I°" oscillation maximum 0.55 GeV 1.5GeV

Table 3.4.1: The experimental specifications of T2K and NOvA .

The T2K and NOvA experiments are simulated by using GLoBES along with their
auxiliary files [63]. The experimental specifications of NOvA are taken from |64] with

the following characteristics:

e Signal efficiencies: 45% for electron neutrino and electron anti-neutrino signals,

whereas 100% for both muon neutrino and muon anti-neutrino signals.
e Background efficiencies: There are mainly three backgrounds and they are

1. Mis-ID muons acceptance: The mis-identified muons (anti-muons) at the

detector are about 0.83% (0.22% ).

2. NC background acceptance: There exist almost 2% (3%) neutral current
events at the detector, which resemble the muon neutrino (muon anti-

neutrino) events.
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3. Intrinsic beam contamination: The possibility of existence of electron

neutrino (electron anti-neutrino) in the neutrino beam is about 26% (18%).

And assume that there exists 5% uncertainty on signal normalization and 10% on
background normalization. The migration matrices for NC background smearing
are taken from [64]. Other experimental specifications of both T2K [65] and NOvA
are listed in the Table{3.4.1 Furthermore, the true values of oscillation parameters,
which used in the simulation are listed in the Table{3.4.2l Moreover, one has to

SiIl2 ‘912 0.32
Sin2 2913 0.1
Sin2 923 0.41 (LO), 0.59 (HO)

Am?, | 2.4 x 1073 eV? for NH
—2.4 x 1073 eV? for TH
AmZ, 7.6 x 1075 eV?
(5CP OO

Table 3.4.2: The true values of oscillation parameters considered in the simulations.

take into account the relation between the atmospheric parameters measured in the

experiment (Am2,,,6,,) and that are in standard oscillation framework (Am3;, fa3),

atm’
whose derivations can be seen in Appendix{A], while doing the simulation. These

relations are given by [66-68|

sin b3 = (sinf,,,/ cos b;3) and

Am3, = Am?

atm + (COS2 612 — COS 5CP sin 913 sin 2012 tan 923)Am§1. (344)

It is clear from the above relations that the observed value of moderately large 63
significantly affects the oscillation parameters. Therefore, one should use corrected
definitions of these parameters to analyze octant sensitivity. Hence, calculate oscillation

probabilities in terms of Am3; and 6,3 by allocating the measured values of atmospheric

2

oscillation parameters Amz,

and 0, .

Further, the next section discusses the sensitivity of NOvA experiment to determine

mass hierarchy, octant of 63 and the resolution capability of parameter degeneracies.
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3.5 Mass hierarchy and Octant determination

This section discusses the potential of NOvA experiment to determine the mass
hierarchy, octant of atmospheric mixing angle and the role of mass hierarchy-octant

parameter degeneracy in the determination of these parameters.

3.5.1 Mass hierarchy determination

As discussed in previous chapter, the matter effect plays a significant role in the
determination of neutrino mass hierarchy. The baseline length of NOvA experiment is
about 810km and it ensures that neutrinos, which reach at the far detector significantly
affected by the matter present on their path. This subsection discusses the MH

sensitivity of NOvA experiment.

So far, no one knows the mass hierarchy of neutrino, i.e, hierarchy can be either
normal or inverted. Therefore, one has to consider both case while doing a sensitivity
analysis of an experiment. For the first case, assume that nature prefers Normal
Hierarchy (NH) for neutrino and check with how much significance NOvA can exclude
the Invert Hierarchy (IH) . In order to do this, simulate the true event rates by
assuming hierarchy to be normal and test event rates by assuming hierarchy to be
inverted. Further, calculate the x? by comparing both event rates using GLoBES.
Then the marginalisation over all other parameters and addition of a prior term for
sin? 26,3 yields minimum value of x?. Finally, obtain x?2 . for each true value of dcp
so that one can express obtained mass hierarchy sensitivity as a function of true value
of dcp. In a similar fashion, it is possible to find the significance with which NOvA
can exclude Normal Hierarchy if nature prefers Inverted Hierarchy for neutrino.

Since this chapter mainly focus on the resolution capability of degeneracies among
the oscillation parameters, the MH sensitivity is calculated for various true values of

sin? B3 (i.e, sin? fy3 = 0.5 for maximal mixing and sin® 63 = 0.41 (0.59) for LO (HO).

The Fig. shows the minimised x? as a function of 6cp for maximal mixing of
atmospheric mixing angle. The left panel corresponds to true NH and the right panel

is for true IH. From these figures, one can see that the potential to determine mass
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Figure 3.5.1: The potential of determination of mass hierarchy. NH is considered as
true hierarchy in the left panel and TH considered as true hierarchy in right panel.

hierarchy for NOvA is above 20 for less than half of parameter space of d¢p and it also
depends on the neutrino mass ordering. The mass hierarchy sensitivity of NOvA (242)
is lower (higher) than that of NOvA (3+1) for true NH (IH) and maximal mixing of
atmospheric mixing angle. Moreover, the sensitivity increases for a combined analysis
of NOvA (2+42) and T2K (3.5+1.5) and has a 30 significance in the case of true NH.
Further, the mass hierarchy sensitivities for non-maximal atmospheric mixing angle are
presented in Fig. [3.5.2] These are obtained by considering all possible combinations
with sin?fy3 = 0.41 (LO) and sin?y3 = 0.59 (HO), and different combinations of
neutrino and antineutrino mode of runs like NOvA (2+1), NOvA (2+2), NOvA (340)
and NOvA (3+1). It can be seen from the figure that the value of x? is always above
6 for all cases of NOvA (2+2), whereas for NOvA (3+1) the x? value is below 6
(~ 2.40) for two combinations (NH-LO and IH-HO). Hence, NOvA (2+2) has a good
mass hierarchy discrimination capability compared to the scheduled run of NOvA for
four years. Thus, it is possible to get an early information about the nature of mass
ordering if NOvA runs in (2v 4 20) mode rather than its scheduled run of (3v + 1v)
years. Furthermore, if nature would be kind enough in the sense that the real mass
ordering is inverted in nature and fy3 lies in the higher octant, then mass hierarchy
can be determined with more than 20 C.L. for values of dcp in the range [0 : 180]°
with (2v 4 2v) years of run. Also if one compare the results of three years of run, the
sensitivity for the determination of mass hierarchy is better for (2+1) combination
than the scheduled (3+0) combination. This in turn implies that there would be
better perspective if NOrA runs in antineutrino mode after completing two years of

run in neutrino mode.
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Figure 3.5.2: The mass hierarchy sensitivities. The top (bottom) panel is for LO (HO),
where we have used sin? 63 = 0.41 (0.59) for LO (HO) and left (right) panel is for
true NH (IH).

3.5.2 Octant of 053 determination

The hint of non-maximal atmospheric mixing angle observed by the MINOS Col-
laboration [29] is one of the recent subject of interest in neutrino oscillation sector.
The deviation of A>3 from maximal ends up with two solutions so called lower octant
(sin? O3 < 0.5) and higher octant (sin? 3 > 0.5). For the determination of resolution
of octant of f,3, obtain the minimum y? with which one can rule out the wrong octant
from the true octant. In order to do this, simulate true events by taking LO (HO) as
true octant and test events by taking HO (LO) as test octant. To obtain the minimum
x?2, compare the true events and test events by marginalizing over other parameters
sin? 2013, Am3,, and dcp within their allowed range, for true values of sin? flp3 in the

range [0.32:0.68]. Also add a prior on sin? 26,3 while calculating minimum x? .

Furthermore, the obtained x2,. as a function of sin?fy3 is given in Fig. |3.5.3, The
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Figure 3.5.3: The potential of octant resolution. NH is considered as true hierarchy in
the left panel and IH considered as true hierarchy in right panel.

left panel of the figure corresponds to NH and the right panel corresponds to IH as
true hierarchies. From the plots, it is clear that the potential to determine the octant
of atmospheric angle is better for NOvA (2+2) than that for NOvA (3+1). It can be
seen that a combined analysis of NOvA (2+2) and T2K (3.5+1.5) has good octant

resolution sensitivity.

3.5.3 Correlation between 53 and Ams3,

The discovery reach of mass hierarchy and octant of atmospheric mixing angles are
crucial because of the degeneracies between the oscillation parameters. Therefore,
resolution of these degeneracies is very important to have a clear understanding of the

neutrino mixing phenomenon.

This subsection focuses on the 3 and Am3, degeneracy. First of all, one can check
how does the hierarchy ambiguity affect sin? a3 - Am3, parameter space. In order to
do this, simulate the true events for maximal value of sin? 6y (sin? fo3 = 0.5) and test
events for allowed values of sin? 63 ([0.32:0.68]) and Am2, ([2.05 : 2.75] x 1073 eV?
). Then obtain the minimum y? by comparing true events and test events by doing
marginalization over both sin? 20,5 and dcp with a prior on sin? 26,5. The Fig.
shows the obtained x? as a function of sin?fy3 and AmZ,. From the figure, it can
be seen that there is small difference in the allowed parameter space for NH and
IH. However, there is no difference in the allowed parameter space for (2+2) and

(3+1) years of NOvA running as far as the determination of Am3, is concerned.
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Figure 3.5.4: The sin? fp3 — AmZ, contour plots with true sin?fy3 = 0.5.

Moreover, similar kind of results can be obtained if one compare the parameter space

for both NOvA (2+2) and NOvA (3+1), and as expected such parameter spaces are

significantly reduced when compared with NOvA (2+1) and NOvA (3+0). It should

also be noted from the figure that the parameter space is substantially reduced for a

combined analysis of T2K and NOvA. Therefore, if one

combine the (242) years of

NOwvA results with (3.54+1.5) T2K results, the significance of the atmospheric mass

square determination will improve significantly.
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Figure 3.5.5: The 1o (green), 20 (red), and 30 (blue) C.L. regions for sin®fy3 vs.
Am?2, with true sin? fo3 = 0.41 (0.59) for LO (HO) and true dcp= 0.

It is also possible to obtain sin? fly3 - Am3, parameter space for non-maximal mixing of
atmospheric mixing angle by considering deviation from maximal mixing with sin? 63
= 0.41 (0.59) for Lower Octant (Higher Octant). Fig shows the sin? 63 - Ams3,
parameter space for NH-HO, NH-LO, TH-HO, TH-LO combinations. It is clear from
the figures that, in this case also there is no significant difference between the allowed
parameter space for (242) and (3+1) years of NOvA run period. Therefore, the
expected results on 3 and Am3, degeneracy discrimination would not be deteriorated

if NOvA switches to antineutrino mode after completion of 2 years of neutrino run.

3.5.4 Correlation between dop and sin® s

Another way to understand the degeneracies among the oscillation parameters by
looking at sin?6,3 - dcp plane. This subsection shows the 1o, 20, and 90% C.L.
regions for sin? 03 vs. dcp for both NOvA(2+2) and NOvA(3+1). Fig. [3.5.6{shows
the C.L. regions for NOvA with true sin?fy3 = 0.41 (0.59) for LO (HO) and true
dcp= 0, whereas Fig. corresponds to true dcp= 7/2. Further, the true hierarchy
is assumed to be Normal Hierarchy and the C.L. regions are obtained both for
correct hierarchy (NH-LO and NH-HO) and wrong hierarchy (IH-LO and IH-HO)
combinations. The black dots in these figures correspond to the assumed true values.

From these figures, we can see that NOvA(2+2) has better degeneracy discrimination
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capability than that of NOvA(3+1).
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Figure 3.5.6: The 1o (green), 20 (red), and 90% (blue) C.L. regions for sin? fa3 vs. dcp
with true sin?fy3 = 0.41(0.59) for LO(HO) and true dcp= 0.
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Figure 3.5.7: The 1o (green), 20 (red), and 90% (blue) C.L. regions for sin? a3 vs. dcp
with true sin? 63 = 0.41(0.59) for LO(HO) and true dcp= /2.

3.6 Summary and Conclusions

At this point of time, where NOvA experiment already started taking data, it is crucial
to analyze how to extract the best results from this experiment with shortest time

span for a complete understanding of oscillation parameters. This chapter discussed
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the physics potential as well as the role of parameter degeneracies in the determination
of oscillation parameters of NOvA experiment with a total of four years of runs with
(2v+2v) mode. It is found that the parameter degeneracy discrimination capability
of NOvA (2+2) is quite good when compared with NOvA (3+1). Looking all these
results from these analysis, it is strongly urged that after two years of neutrino running,
NOvA should run for two years in antineutrino mode to provide better information
about the determination of neutrino mass ordering and the octant of atmospheric

mixing angle.




CHAPTER

A comprehensive study of the dis-
covery potential of NOvA, T2K and
T2HK experiments

4.1 Introduction

The discovery of neutrino oscillations has firmly established that neutrinos are massive.
It has marked the beginning of many neutrino oscillation experiments. Moreover, with
the exciting discoveries of non-zero ;3 and non-maximal f,3, the focus of neutrino
oscillation studies has now been shifted towards the determination of other unknown
parameters such as determination of the neutrino mass ordering, resolution of the
octant of atmospheric mixing angle and to constrain the Dirac-type CP violating
phase dcp. Many dedicated experiments are proposed for instance DUNE and T2HK
to determine these parameters which may take at least 10 years from now to become
operational. It is therefore very crucial to use the results from the existing experiments
to see whether one can get even partial answers to these questions. This chapter
investigate the prospects of addressing these issues with the off-axis long-baseline

experiments T2K, NOvA and T2HK with updated experimental specifications.

T2HK (Tokai-to-Hyper-Kamiokande) is a future long baseline experiment which is
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expected to be operational around 2023. It can be considered as a natural advancement
to the ongoing T2K experiment. It has same baseline and off-axis angle as T2K
experiment. It uses J-PARC’s neutrino experimental facilities with an improved beam
power (7.5 MW) and 1 Mt volume water Cherenkov detector, Hyper-Kamiokande
(Hyper-K). The other specifications of this experiment can be seen in [69]. It should
be noted that the fiducial volume is about 0.56 Mt, therefore T2HK will have high
statistics of neutrino events compared to T2K. These features of T2HK make it as
one of the most sensitive experiment to probe neutrino CP violation.

The primary objective of T2K, NOvA and T2HK is to unravel the unknowns in the
neutrino oscillation sectors. Therefore, these experiments use v, beam and also run
in antineutrino mode, which enable them to study the appearance (v, — v.) and
the disappearance channels (v, — v,) along with their antineutrino counterparts.
Moreover, the leading term in the appearance channels v, — v, (P,) and the
corresponding antineutrino mode v, — U (Ppz) is proportional to sin® 26,3 sin® 63 and
with the observation of moderately large value of #,3, these experiments are well-suited
for the determination of mass hierarchy and the octant of #y3.

This chapter is mainly focussing on

e whether the combination of T2K (34+2) and NOvA (3+3) provide more quanti-

tative answer on the above posed questions than each one of these experiments.

e how the sensitivity on d¢p, mass hierarchy and 6,3 octant will improve if NOvA

runs for 10 years in the (545) and (743) combination of modes.

e the sensitivities of T2HK experiment for its scheduled run of 3 years in neutrino

and 7 years in anti-neutrino mode.

The chapter is organized as follows. The section [£.2] briefly describes the physics
reach of these experiments. The prospect of octant resolution and mass hierarchy
determination are discussed in section and [4.4] Section presents the CP
violation discovery potential and the correlations between the CP violating phase d¢cp

with 613, and 6s3. Finally, summary of various results are given in Section/4.6]
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4.2 Physics reach

As discussed before, determination of the neutrino mass ordering, resolution of the
octant of atmospheric mixing angle and to constrain the Dirac-type CP violating
phase dcp in the neutrino sector are the important physics goals of the current and
future oscillation experiments. A simple way to achieve the above three goals is to
measure the oscillation probabilities P(v, — v.) and P(v, — v.). This can be seen
from the expression for probability of oscillation from v, (7,) — ve(7.) upto first order
in sin 03 and o = Am3,/Am3, [55-57]
Py, —»v.) = sin® 26,3 sin? 0238H12(AA—_1)A
(A—-1)?

in AA sin(A — 1)A
+ @ cos B3 sin 26,5 sin 2603 sin 20,3 s — sin ~ )
A (A-1)

cos(A + dcp),
(4.2.1)

where Amg; = m7—m3, A = Am3, L/4E and A =22Gpn.E/Am2,. Gy is the Fermi
coupling constant and n. is the electron number density. The transition probability
can be enhanced or suppressed depending on the oscillation parameters 6;3, 023, mass
hierarchy, i.e., the sign of Am3, and CP violating phase dcp. Parameters a, A and
A are sensitive to neutrino mass ordering. For neutrinos, Ais positive for normal
hierarchy (NH) and negative for inverted hierarchy (IH), while going from neutrino
to anti-neutrino mode its sign changes. Moreover, sign of dcp is reversed for anti-
neutrinos. It should be noted from Eq. that the leading term in the transition
probability P(v, — v.) is proportional to sin? 26,3 sin® fp3. Therefore, the observed
moderately large value of #13 makes it possible for the current generation long-baseline
experiments to address the problems of hierarchy and the octant of f,3 determination.
The second term in Eq. shows the prominence of matter effect on the oscillation
probability. The dependency of all the terms on a moderately large reactor neutrino
mixing angle 0,3 suggests that NOvA detector will be able to collect a good number
of v,(v,) = v.(v.) events. Therefore, one can check whether the energy spectrum
information will help in resolving the octant degeneracy and mass hierarchy. Moreover,
the GLoBES package |128,/129] can be used to obtain the energy spectra. For the

simulation, the experimental specifications of currently running experiments T2K and
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NOvA are the same as described in the previous Chapter, whereas the input files
of T2HK are taken from GLoBES package [70-72|. Futher, the true values of the
oscillation parameters that considered in the simulation are provided in Table [4.2.1]

Fig. [4.2.1] shows the energy spectrum of the appearance probabilities P(v, — v.)

SiIl2 ‘912 0.32
Sin2 2913 0.1
Sin2 923 0.41 (LO), 0.59 (HO)

Am?, | 2.4 x 1073 eV? for NH
—2.4 x 1073 eV? for TH
AmZ, 7.6 x 1075 eV?
(5CP OO

Table 4.2.1: The true values of oscillation parameters considered in the simulations.

for neutrino (left panel) and P(v, — 7.) for antineutrino (right panel) for NOvA
experiment, where the value d¢p is varied within the range —7 to m. In each panel
the red (blue) band is for NH (IH). Furthermore, in each band the probability for
dop = 90° and dop = —90° cases are shown explicitly by the magenta and green lines.
Due to matter effect the probability P,. increases for NH and decreases for IH and vice
versa for Pyz. Thus, for dcp lying in the lower half plane (LHP) i.e., —180° < dcp < 0,
P,. is larger and for dcp in the upper half plane (UHP) (0 < dcp < 180°), P, is
much lower. The situations reverse for the antineutrino probability Pge. Thus, LHP is
the favorable half-plane for NH and UHP is for IH for neutrino mode. However, the
most unfavorable condition is (NH, dcp = 90°) and (IH, dcp = —90°) as the bands
almost overlap with each other for the entire energy range.

The lower panels of Fig. show the energy spectrum of P, and Py for two
different values of 93 assuming NH to be true hierarchy. The blue band in both the
panels is for f93 in the LO and red band is for 693 in the HO. It can be seen from the
figures that the two bands overlap with each other for some values of dcp and distinct
for others. The overlap regions are the unfavorable ones for the determination of the

A3 octant.
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Figure 4.2.1: P,. energy spectrum for NOvA experiment. The left (right) panel is
for neutrino (antineutrino). The red (blue) band in the top panel corresponds to NH
(IH) with 03 = 45°, 015 = 9°, baseline L = 810 km and vary dcp between (—7 to
7). The red (blue) band in the bottom panel is for HO (LO), where we have used
sin? B3 = 0.41 (0.59) for LO (HO) and keep the hierarchy as normal. Inside each band
the probability for dcp = 90°(—90°) case is shown by magenta (green) line.

4.3 Octant Resolution as a function of 63

This section presents the results of both individual and combined octant sensitivities
of T2K, NOvA and T2HK experiments. Although the octant sensitivity of various
long baseline experiments has been discussed extensively in the literature , this
section is devoted to revisit the octant resolution potential of these experiments with
the updated specification details. Therefore, obtain both individual and combined
sensitivities for the scheduled run of these experiments, i.e, NOvA with (3v 4 37)
years of run, T2K with (3v + 2v) years of run and for T2HK (3v + 7v) years of run.
Also obtain the sensitivity for the situation if NOvA continues to run for next 10 years

with (5v + 57) as well as (Tv + 3v) years of running.

The indistinguishability of fa3 and (7/2—0,3) is known as octant degeneracy. Moreover,
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the relevant oscillation probability expressions for long baseline experiments NOvA,

T2K and T2HK with negligible matter effects are given as

Am2,L Am2,L
P, = 1—sin? 26,3 sin? <1.27 n?) +4 sin? 0,3 sin? Oy3 cos 2055 sin? <1.27 m:ﬂ) ,
. (4.3.1)
L
P = sin? @3 sin® 26,5 sin® (1.27 Hg“) .
(4.3.2)

It should be noted that the leading order term in the v, survival probability (P},)
depends on sin® 2653 and one can’t distinguish between P}, (f3) and P}, (7/2 — 653).
This kind of degeneracy that comes from the inherent structure of neutrino oscillation
probability is called intrinsic octant degeneracy. Whereas in the case of P}, the
degeneracy of the octant with the parameter 6,3 comes into play, since it depends on
the parameter combination sin? Ay sin? 26,3 . The values of 6,3 in opposite octant for
different values of #,5 and dcp can have the same probabilities, i.e, P/Vw(923, 013,9cp) =
P .(m/2 — 023,013,00p). This also gives rise to octant degeneracy and known as
extrinsic octant degeneracy.

Before presenting the main results, it is possible to check what one can expect about
the determination of mass hierarchy and octant of #,3 from the bi-event rate plots i.e.,
neutrino-antineutrino appearance event rates. These event rates can be simulated by

using GLoBES package with true values oscillation parameters as given in Table

Fig[4.3.T)shows v versus v events for all octant-hierarchy combinations. The blue curves
are obtained by considering inverted hierarchy mass ordering with sin? 6,3 = 0.41(0.59)
for LO (HO). The red curves are obtained by considering normal hierarchy mass
ordering with LO/HO values of sin?fy;. These ellipses are plotted by obtaining
event spectra of an experiment for different octant-hierarchy combinations with all
possible values of dcp. Each point on z-axis (y-axis) represents the number of events
measured by the respective experiments in neutrino (anti-neutrino) mode. The top
panel represents the ellipses for (3+2), (54+5) and (7+3) years of running in neutrino
and antineutrino modes for T2K, the second panel of the figure represents the NOvA
event rates for (3+3), (5+5) and (743) years of runs and the bottom panel represents
the T2HK event rates for (3+7) years of run. For T2K and T2HK experiments the

ellipses of both normal as well as inverted mass orderings overlap with each other for



The discovery potential of NOrvA, T2K and T2HK

T2K[3+2)

T2K [5+5]

130

] 120 |

110 F

2K [743]

80

1 5E

b 70k

8 9 ™, 9
c c c
g g 100 £ 1 g 65 | B
o AF o ] g Lo o
g g of 1 g gl oM 1
3 sl 1 : HO-NH 3
3 '
z I wf 1 3t E
S 5 E] &
LONH nE 1 50 ¢ LONH 3
LONH
=y ] 60 F ] s ]
g0 bt 5 T T 20 T T
80 100 120 140 160 180 200 220 240 120 160 200 240 280 320 360 400 200 250 300 350 400 450 500 550

v app. events

NOVA[3+3]

v app. events

NOVA[5+5]

120 _HOHH
70 :
0n 0
£ & g w0
> >
0] 0]
g 50 E)
o ©
2 2
% 40 E 60
30 LoNH LO-NH
4
2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
60 80 100 120 140 160 180 200 100 150 200 250 300
v app. events v app. events
NOVA[7+3] T2HK[3+7]
90 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
200
80
180
2 7 N 8
H € 160
& 0 8
s s 140
& &
> ¥ 3 10
§ 4 § 100
30 LO-NH 0
2 ‘ ‘ ‘ ‘ ‘ 60 ‘ ‘ ‘
150 200 250 300 350 400 450 100 150 200 250 300
v app. events v app. events

v app. events

Figure 4.3.1: Neutrino and antineutrino appearance events for the v, — v, versus

v, — v, channels by assuming both IH and NH and for lower and higher octants of
‘923.

both the octants whereas for NOvA the overlap region is less (marginal) for LO (HO).
Thus, it is very likely that the mass hierarchy and octant degeneracy could be probed
better with the NOvA experiment.

In order to obtain the octant sensitivity as a function of true values of sin? fy3, calculate
the x? for each true value of sin® o3 in the allowed range [0.32 : 0.68] and the true
values of other oscillation parameters are kept as in Table This x? is calculated

by using GLoBES gives the significance with which one experiment can distinguish

5 — th3. Therefore, the test value of sin? @53 must be varied in the lower

‘923 from
octant (higher octant) if the true value of sin® 3 is in higher octant (lower octant).

Further, the minimum x? is calculated by doing marginalisation over other parameters
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(Am?

atm

€ [2.05 : 2.75] x 1073 eV?,sin? 20,3 € [0.07 : 0.13] and dcp € [7 : —7]) and by
adding a prior for sin?26,5. The Fig. 4.3.2]illustrates the ability of NOvA experiment
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Figure 4.3.2: Octant sensitivity for a combination of T2K and NOvA for the case of
Normal (left panel) and Inverted (right panel) hierarchy.

to determine the octant as a function of the true value of 653. The green, red and blue
curves (in the bottom panel) represent the octant resolution of NOvA with (3 + 3),
(5+5) and (7 + 3) yrs of runs in v and ¥ modes respectively. From Fig. it can
be seen that with only T2K data of (3+2) years of run, it is possible to resolve the
octant degeneracy with 20 significance if the true sin? 63 will lie around 0.41 (LO) or
0.59 (HO) and one can have a better sensitivity for NOvA experiment with (3+3) yrs
of run period. The significance increases significantly if one combine the data from
both T2K and NOvA as seen from the top panels. For ten years of runs of NOvA,
although it is possible to get a better sensitivity than that of (3+3) yrs of run, there

is no significant difference between (545) yrs and (743) years of running.
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4.4 Mass Hierarchy Determination

Determination of neutrino mass hierarchy is one of the outstanding issues in neutrino
oscillation physics. The conventional method to achieve this is by using matter effects
in very long baseline neutrino oscillation experiments, as the matter effects enhance
the separation between oscillation spectra, and therefore, the event spectra between
the normal and inverted hierarchy. This section describes the capabilities of T2K,
NOvA and T2HK experiments for the determination of mass hierarchy.

The value of x? has been obtained by using the true parameters as listed in Table m
except that of sin? 6,3, which is taken to be 0.5. In order to get x? as a function of

true value of dcp, it is varied within its full range, i.e., between [—m, 7] and test value

of Am?

atm

is varied in IH (NH) range if the true hierarchy is NH (IH). The minimum
x? is obtained by doing marginalization over sin? 26,3 and sin? 6,3 in their 3o ranges

and by adding prior for sin? 26,5 with o(sin®26;3) = 0.01.
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Figure 4.4.1: Mass hierarchy significance as a function of true dcp. In the left panel
Normal hierarchy is considered as true hierarchy and inverted is taken as test hierarchy
and in the right panel Inverted hierarchy is considered as true hierarchy and normal is
taken as test hierarchy

The Fig. 4.4.1] presents the hierarchy determination sensitivity of T2K, NOvA and
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Figure 4.4.2: Mass hierarchy significance with the octant of 693 for the scheduled run
of NOvA experiment.

T2HK as a function of true value of dcp. The left panel corresponds to MH sensitivity
with true hierarchy to be NH, whereas right panel corresponds to MH sensitivity
with true hierarchy to be IH. It can be seen from the figure that the wrong hierarchy
can be ruled out quite effectively in the LHP (UHP) for NH (IH), which is basically
the favourable half plane and in the other half plane the mass hierarchy cannot be
determined effectively for T2K and NOvA experiments. However, the combined data
from these two experiments (T2K (342) and NOvA (3+3)) improves the situation
significantly and the sensitivity increases to more than 1o for all values of dcp. The
mass hierarchy significance above 3o, has a d¢p coverage of 75% for T2HK experiment
alone and 90% for combined data of T2K, NOvA and T2HK experiments. One can
also to study the effect of #55 octant on the MH sensitivity. In this case, to obtain the
MH sensitivity by vary the true value of sin®fy3 in LO (HO) which has been shown
in Fig[d.4.2] where the red (blue) band in the top (bottom) panel corresponds to HO
(LO). It is clear from the figure that the MH sensitivity is significantly large if the

value of sin? 0,3 is in higher octant.
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4.5 CP Violation Discovery Potential

Accelerator based long-baseline neutrino oscillation experiments can address CP-
violation problem through the appearance channels of v, — v, and v, — .. From Eq.
one can see that the CP violating effects due to dcp are modified by all the
three mixing angles and their combinations, thus resulting in an eight fold parameter
degeneracy. In order to obtain the significance of CP violation sensitivity, one can
simulate the true event spectrum by keeping the true values of oscillation parameters
as in Table except for sin? fy3 = 0.5 and vary the true value of d¢p in its allowed
range ([—,7]). To obtain the x* compare those with test event spectrum for dop=0
or 7. In order to get minimum x?, one has to do marginalization over both hierarchy
( to take care of the sign degeneracy of AmZ,) in its 30 ranges, sin® 26,3 and sin? fy3
in their 30 and add a prior for sin® 26;5.

The Fig. [£.5.1] presents the sensitivity to rule out the CP conserving scenario, as
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Figure 4.5.1: CP violation sensitivity for different combinations of run time of T2K,
NOvA and T2HK experiment for NH (IH) in the left (right) panel.

a function of true dcp assuming NH (IH) as the true hierarchy in the left panel

(right panel). From the figure one can notice that T2K by itself has no CP violation
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sensitivity at 20 C.L.. For NOvA with (343) years of running, there will be CP
violation sensitivity above 1.50 level for about one-third of the CP violating phase
dcp space. Furthermore, the synergistic combination of NOvA and T2K leads to
much better CP violation sensitivity compared to the individual capabilities. Even
the combination of NOvA (343) and T2K (3+2) has comparable sensitivity as for
10 years running of NOvA. Owing to the fact that main goal of T2HK experiment
is to determine CP violation, one can see that T2HK has a significance of above 5o
C.L. for a fraction of two-fifth values of the CP violating phase dcp space. This in
turn boosts up the sensitivity when its data is added to NOvA (3+43) yrs and T2K
(34+2) yrs. From the plots in the lower panel, it can be seen that the sensitivity of
NOVA increases slightly for 10 years of run time, with (5v 4+ 52) combination has
better sensitivity than that of (7v 4+ 3v) combination. The drop in the half planes
of dcp i.e, in the region [0,180]° ([-180,0]°) for NH (IH) is due to the fact that the
hierarchy sensitivity is highly sensitive to dcp. As a result, of marginalization over
hierarchy causes the CPV sensitivity to drop for unfavourable values of d¢p.

The left panel of Fig shows the 1o uncertainty of dop as a function of running

1
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NOVA —e— ]
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Figure 4.5.2: Sensitivity vs running time: 1o error in dcp as a function of running
time in years for true value of dcp=0 (left panel). The fraction of dcp for which dcp
=0°,180° is excluded with 1o as a function of running time.

time (in years) for true value of 0cp=0 and the right panel shows the CP violation
sensitivity as a function of running time. In both cases, the ratio of neutrino and
antineutrino modes is fixed to 1:1 for T2K and NOvA and 3:7 for T2HK. In this analysis,
mass hierarchy is assumed to be unknown, which indicates that the marginalization is
done over both the hierarchies. The result shown in Fig. 7 corresponds to true normal
hierarchy. From the left panel of the figure, it can be seen that the values of dcp can

be determined to better than 35° (21°) for all values of dcp for T2K (NOvA). In the
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case of T2HK the values of dcp can be determined to better than 9° for all values of
0cp. From the right panel, it can be seen that CP violation can be observed with
more than 1o significance for 40 (75)% of the possible values of dcp for T2K (NOvA).
Whereas for T2HK, CP violation can be observed with more than 1o significance for

80% of the possible values of dcp.

4.5.1 Correlation between 6cp and 6;3

The knowledge of reactor mixing angle 6,3 plays a crucial role in the discovery potential
of d¢p. The recent discovery of large value of 613 has boosted the need of study to
understand the dependency between dcp and 6;3. This subsection discusses the
correlation between the oscillation parameters 613 and dcp.

In obtaining the confidence region, the true values of parameters are fixed as in Table
and considered true sin? 8,3 = 0.59 for Higher Octant and true sin? fy5 = 0.41
for Lower Octant, since the octant of 63 is not known. Whereas, the test value of
sin? 26,3 is varied in its 30 range. The 2 is calculated by comparing the two event
spectra by assuming hierarchy to be normal. Fig. shows the confidence regions
in the sin? 20,3 - dcp plane for different combinations of T2K and NOvA experiments.
One can see from these figures that at the 20 confidence level, the uncertainty in the

knowledge of 6,3 octant has a noticeable effect on the correlation between dcp and

013.

4.5.2 Correlation between dop and 653

From the previous subsection, it can be seen that the uncertainty in 6,3 has a very
large impact on determination of neutrino oscillation parameters. Thus, it is important
to understand the exclusive correlation between dcp and 3 while keeping the true
values of rest of the oscillation parameters to be fixed. This subsection discusses the
correlation between the oscillation parameters fb3 and dcp. In this analysis, the true
events are generated with values of oscillation parameters as in Table Whereas,
the test events are generated by varying the test values of sin? 053 and d¢op in their

30 ranges. Then obtained the y? by comparing two event spectra and the results are
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shown sin? 6,3 - dcp plane as in Figs. |4.5.4) and 4.5.5 for all combinations of NOvA

experiment.

4.6 Summary and Conclusion

With the recent discovery of the last unknown reactor mixing angle 6;3, the mechanism
of three flavor neutrino mixing pattern is now well established. But still there are
several issues related to neutrino oscillation parameters that remain open, namely the
determination of the neutrino mass ordering, resolution of the octant of atmospheric
mixing angle and to constrain the Dirac-type CP violating phase dcp. Therefore, the
main focus of the current and future oscillation experiments is to provide answers to
some of these unsolved questions.

This Chapter presented an investigation of the prospects of the determination of mass
hierarchy, the octant of #53 and the observation of CP violation in the neutrino sector
due to d¢cp with the currently running accelerator based neutrino experiments NOvA
and T2K and the forthcoming T2HK experiment. As the reactor mixing angle 6,3 is
now known to be significantly large, the oscillation probability P(v, — v.) and its
corresponding antineutrino counterpart are sensitive for the determination of mass
hierarchy and 6.3 octant.

It is found that T2K experiment with (3v +21) years of running can resolve the octant
degeneracy with nearly 20 C.L. if the true value of 3 to be around sin? 6,3 = 0.41
(LO) or sin?fy; = 0.59 (HO). The sensitivity increases to nearly 3o with (3v +37)
years running of NOvA. However, if one combine the data from these two experiments
the sensitivity increases significantly than the sensitivities of individual experiments.
Furthermore, if one assume that NOvA continues data taking for 10 years then octant
degeneracy can be resolved with NOvA experiment alone with more than 3¢ signifi-
cance.

For the determination of mass hierarchy, it is also possible to rule out nearly one-third
of the dcp space at 30 C.L. if one use the synergy between NOvA and T2K experi-
ments. In this case the sensitivity increases significantly for ten years of running of
NOvA with (5 + 5) combination is found to be more suitable than the combination of

(7T+3) years.
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Measuring CP violation in the lepton sector is another important challenging prob-
lem today. Although the current long-baseline experiments T2K and NOvA are not
planned to study leptonic CP violation, one should analyze the synergies between
these set-ups which may aid in CP violation discovery by constraining the value of
dcp. Although dedicated long-baseline experiments like DUNE, T2HK are planned
to study CP violation in neutrino sector, the analyses discussed in this chapter may
have the the first hand information on d¢p from these experiments much before those
dedicated facilities are operational. It is found that T2K by itself has marginal CP
violation sensitivity at 1o CL. For NOvA with (3+3) years of running there will be
CP violation sensitivity above 1.5¢ level for about one-third of the CP violating phase
dcp space. The sensitivity increases slightly for 10 years of run time, with (5 + 5v)
combination having sensitivity than that of (7v + 37) combination. The data from
T2HK experiment will improve the CPV sensitivity significantly. It is also found that
the CP violating phase dcp can be determined to be better than 35°, 21° and 9° for
all values of d¢op for T2K, NOvA and T2HK experiments.
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CHAPTER

Impact of lepton flavour violating
NSIs on the physics potential of long
baseline neutrino oscillation experi-

ments

The physics potentials of long baseline experiments to determine the unknowns
parameters in the neutrino oscillation are discussed in the previous chapters. As
neutrino oscillation physics already entered into its precision era, one should also take
care of various sub-leading effects such as Non-standard neutrino interactions (NSIs)
in the oscillation physics. This chapter devoted to study the effect of the lepton flavor

violating NSIs on the determination of oscillation parameters.

5.1 Introduction

NSIs can be considered as sub-leading effects in the neutrino oscillations, which
arise from various new physics scenarios beyond the SM. The NSIs, which come from
Neutral Current (NC) interactions can affect the propagation of neutrino, whereas
NSIs coming from the Charged Current (CC) interactions of neutrinos with quarks and

leptons can affect the production and detection processes of neutrinos. However, this
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chapter focuses on the NSIs which affect the propagation of neutrinos. The Lagrangian

corresponds to NSIs during the propagation is given by [7§|,
Lnst = —2V2Gpel§ (Tar" Prug) (FruPof) (5.1.1)

where G is the Fermi coupling constant, eig are the new coupling constants, so
called NSI parameters, f is fermion and Po = (1 &+ 5)/2 are the right (C'= R) and
left (C' = L) chiral projection operators. The NSI contributions which are relevant
as neutrino propagate through the earth are those coming from the interaction of
neutrino with e, u and d because the earth matter is made up of these fermions only.

Therefore, the effective NSI parameter is given by

ny
€ap = fz n—eﬁﬁ, (5.1.2)
=e,u,d "¢

where Eiﬁ = Eig + E(];I;, ny is the number density of the fermion f and n. the number

density of electrons in earth. For earth matter, one can assume that the number
densities of electrons, protons and neutrons are equal, i.e, n,, & n, = n., which implies

that n, =~ ng = 3n..

NSIs and their consequences have been studied quite extensively in the literature
both in model dependent (mass models) and independent ways. Furthermore, there
are studies, which have been done to investigate the effect of NSIs on atmospheric
neutrinos [79-81], solar neutrinos [82(-86], accelerator neutrinos [87-97] and supernova
neutrinos [98-100]. However, it is very crucial to understand the implications of new
physics effects at the long baseline experiments like T2K, NOvA and DUNE. In this
regard, there are many recent works which have been discussed the various aspects
of NSIs at long baseline experiments [1014103], for instance in [104], the authors
have obtained the constraints on NSI parameters using long baseline experiments and
in [105] the authors have discussed the degeneracies among the oscillation parameters
in presence of NSIs. However, this chapter is mainly focussing on the effect of the
lepton flavour violating NSIs on the determination of various unknowns at long baseline

experiments.

This chapter is organized as follows. Section [5.2] discusses the basic formalism of
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neutrino oscillation including NSI effects. The model-dependent and -independent
bound on the NSI parameters are respectively given in section and 5.4l Section
presents the effect of NSI parameters on v, appearance oscillation probability and event
spectra. The effect of LFV NSI on Physics potential of long baseline experiments are
discussed in section [5.6] Section discusses the parameter degeneracies among the
oscillation parameters in presence of NSIs. Finally, section [5.8| contains the summary

and conclusions.

5.2 Neutrino oscillation with NSIs

In the standard oscillation (SO) paradigm, the propagation of neutrino through matter

is described by the Hamiltonian

HSO = H0+Hmatter

1
= ﬁU -diag(0, Am2,, Am2,) - U + diag(Vee, 0,0) (5.2.1)

where the Hy is the Hamiltonian in vacuum, Am3; = m3 —m is neutrino mass squared
difference, H,natter is the Hamiltonian responsible for matter effect, Voo = vV2Gpn, is
the matter potential and U is the PMNS mixing matrix.The NSI Hamiltonian, which
is coming from the interactions of neutrinos as they propagate through matter is given

by

€ee Eey Eer

Hysr = Voo €k, eup Eur | 5 (5.2.2)
EZ’T 8;7‘ gTT
where €,5 = \eaﬁ\ei‘saﬁ are the complex NSI parameters, which give the coupling

strength of non-standard interactions. The off-diagonal elements of the NSI Hamilto-
nian (g, €.r and €,,) are the lepton flavor violating NSI parameters, which are our
subject of interest. Then the neutrino oscillation probability in presence of NSI is
given by

. 2
Plunsug) = |(peiHsottinsnlyy, |7 (5.2.3)

The following two sections present the bounds on the NSI parameters in a model

-dependent and -independent approaches.
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5.3 Model-dependent bound on NSI parameter from

B-meson decays

The recent experimental results on lepton flavor universality (LFU) violation in B
meson decays are indications of new physics beyond the Standard Model. Many
theoretical models, which are introduced in the literature as an extension of SM
to explain these observed deviations in LFU, lead to NSIs between the elementary
particles. Therefore, one can consider a model with an additional Z’ boson (which is
quite successful in explaining the observed LFU anomalies) and analyze its effect in
the lepton flavour violating (LFV) By — 7FeT decay modes. From the present upper
bound of the B; — 7%eT branching ratio, one can obtain the constraints on the new
physics parameters, which are related to the corresponding NSI parameters in the

neutrino sector by SU(2), symmetry.

In order to see the possible interplay of new physics in the 7-lepton sector, we first
consider the leptonic decay channel B~ — 7~ v. During the last few years, there has
been a systematic disagreement between the experimental and SM predicted value for

the branching ratio of B — 7v mode. The branching ratio for B~ — 7v, is given as

Br(B~ — 77, G%\v ry- fimpm? (1 ”ﬁ)z (5.3.1)
TVr) = 5 |Vub| TB- Blltr - : T
87 B m%

This mode is very clean and the only non-perturbative quantity involved in the
expression for branching ratio ((5.3.1]) is the decay constant of B meson. However,
there is still a tension between the exclusive and inclusive value of V,;, at the level of

30. This mode has been precisely measured [106] with a value
Br(B~ — 77 7,) = (1.1440.27) x 107*. (5.3.2)
The latest result from Belle Collaboration [107]
Br(B~ — 7 7,) = (1.254+0.28 £0.27) x 107*, (5.3.3)

also in the line of the previous measurements. Since there is an uncertainty between

the |Vi| values extracted from exclusive and inclusive modes, one should use the SM
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fitted value of its branching ratio from UTfit collaboration [108]
Br(B~ — 77 7,) = (0.84 4 0.07) x 107*. (5.3.4)

This value agrees well with the experimental value (5.3.2). However, the central
values of these two results differ significantly. One can eliminate the V,;, dependence

completely by introducing the LF'U probing ratio

Tpo Br(B~ — 77 1;)
T = =0.73+£0.15 5.3.9
T/ - Br(BY — 70~1) ’ ( )

which has around 2.60 deviation from its SM prediction of RZ’/‘?M = 0.31(6) [109].
Thus, these deviations may be considered as the smoking gun signal of new physics
associated with the tauonic sector. The following subsection discusses the bound on
the lepton flavor violating new physics parameter associated with the 7 lepton from

the decay mode B; — 7FeT.

5.3.1 Extraction of the NP parameter from the lepton flavour

violating decay process B; — 7FeT

The violation of lepton flavour universality in principle can induce lepton flavour
violation. Therefore, one can consider the lepton flavour violating decay process
By — 7%eT, which is induced by flavour changing neutral current interactions. As
an example, it is very convenient to consider a simple and well-motivated model,
the model with an additional Z’ boson, which would induce lepton flavour violating
interactions at the tree level. Many SM extensions often involve the presence of an
extra U(1)" gauge symmetry and the corresponding gauge boson is generally known
as the Z’ boson. Here it is possible to consider the model which can induce the
lepton flavour violating decays both in the down quark sector and the charged lepton
sector [110}/111] at the tree level. Thus, in this model the coupling of Z’ boson to

down type quarks and charged leptons can be written generically as
L D g |nkdy" Prb + 0l dy" Prb + nk ey Py + nfiéy Prrl | (5.3.6)

where ¢ is the new U(1)" gauge coupling constant, 77513/ ® are the vector /axial vector

FCNC couplings of db quark-antiquark pair to the Z’ boson and nbf are the LFV
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parameters.

Z/

Figure 5.3.1: Feynman diagram for By — e~ 7" in the model with Z’ boson, where
the blobs represent the tree level FCNC couplings of Z’ boson.

The constraint on the LFV coupling 7., can be obtained from the lepton flavour
violating B decay mode B; — 7%e¥. In the SM this decay mode is loop-suppressed
with tiny neutrino mass in the loop. However, in the Z’ model it can occur at tree
level, described by the quark level transition b — dr*e™ and is expected to have
significantly large branching ratio. The Feynman diagram for this process in the Z’
model is shown in Fig. where the blobs represent the tree level FCNC coupling
of Z' boson. The present upper limit on its branching ratio is 2.8 x 107°. The effective

Hamiltonian describing this process in the Z’ model can be given as

2
Hepr = Cr (9 M [dy* (5, — s bl e (nle — nlfins)7] (5.3.7)
\/§ gMZ’ db db pu\'ler er 9

where My is the mass of Z’ boson. Further, the transition amplitude is evaluated by

using the following matrix element

(0" (1 = 75)b| Ba) = —ifppfy , (5.3.8)
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where fp is the decay constant of B meson and pg its momentum. Thus, with eqns.
(5.3.7) and ([5.3.8)), one can obtain the transition amplitude for the process By — 7 €™

as

M(Bd — 7'7€+) =

_Gr (g'Mz
\/i gMz:

and the corresponding branching ratio is given as

2
) il el — nfas)r] . (5.39)

4 9\ 2
mT
) s> (12 * + 2k 1) famima (1 - )(5.3.10)

Br(B; — 75eF) =

167 gMZ’

G%7p (g/MZ
B

where 75 is the lifetime of B meson. In order to find out the bound on the LFV

L,R

er )

couplings 7 one need to know the value of the parameter n4,, which can be obtained
from the decay process By — ptp~. The branching ratio for this decay mode has
been recently measured by the LHCb [112] and CMS [113] collaborations and the

present world average value [114] is given as
Br(By — p'p) = (3.9175) x 1077 (5.3.11)

The corresponding SM value has been precisely calculated including the corrections of

O(a) and O(a?) with value [115]
Br(By — putp)|lsmy = (1.06 4+ 0.09) x 1071 . (5.3.12)

Although the SM predicted value is in agreement with the experimental result but it
does not exclude the possible existence of new physics as the central values of these

two results differ significantly. The effective Hamiltonian describing this process is

given as
GF (0 % I _
Hepr = _ﬁg‘/;bvtdclo[dV (1 = 5)b] [fyu sl (5.3.13)
where C' is the Wilson coefficient and its value at the my, scale is given as Cg = —4.245.

The corresponding Hamiltonian in the Z’ model is given as

/ GF g/MZ 2 - L _
HE, = — dy™ (k. — nfiys)b ck — CH , 5.3.14
eff V2 <9MZ/> (A" (Mg, — Map ) ][M%( 1% W) ( )

where Cf; and C'j are the vector and axial-vector couplings of the Z’ boson to pu~u™

pair. Including the contribution arising from the Z’ exchange to the SM amplitude,
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one can write the amplitude for By — ppu process as

G /2M2 92 RCM
M(By— ptpm) = i-£2 g~ Mz 2T A)

277
NoX: g>MZ, aVyViCho

= (14 OME 2mnC (5.3.15)
9?Mz, aVypViiCio ) o

iV Vi fempm, Croliys (1 +

Thus, from Eq. (5.3.15)), one can obtain the branching ratio as

g* M2 2miCch |

g>MZ, oV Vi Cho

Br(By — pu) = Br(Bg — pp)*M ‘1 - (5.3.16)

Assuming the axial-vector coupling of Z’' to muon pair, i.e., C!{ has the same form
as the corresponding SM Z boson coupling to fermion-antifermion pair with value
C' = —1/2. Now with Eqn. (5.3.16) and considering 1-¢ range of experimental
and SM predicted branching ratios from and , the constraint on the

parameter 7% is found to be
0.006 < |nk| < 0.014, (5.3.17)

for Mz =1 TeV and the particle masses and CKM elements are taken from [106]. Using
this allowed range of [nf], the bounds on the LFV couplings n»® can be obtained by
comparing with the corresponding branching ratio Br(By — 7¢) < 2.8 x 107°
[106] as

k| =nf| <19.2, for |nf|=0.014, (5.3.18)

where it is assumed that n = nft. These couplings can be redefined in terms of
another set of new couplings as ., = (¢*M%/g* MZ,)n.., which can give the relative

NP strength in comparison to SM ones as
ek | =1ef| <016, for |nk| =0.014, (5.3.19)

for ¢’ ~ g and a TeV scale Z’' boson, i.e., Mz ~ 1 TeV. Since these parameters are
related to the corresponding NSI parameters of the neutrino sector by the SU(2),
symmetry. Analogously, one can obtain the bounds on the NSI couplings e, from

By — e decay, which are expected to be of the same order as e.,.
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5.4 Model independent bound on NSI parameter

Almost all current neutrino oscillation data are consistent with the standard oscillation
paradigm. Therefore, the effect of NSI on the oscillation phenomena is expected to
be very small. Moreover, some neutrino mass models for instance, triplet seesaw
model [116], Zee Babu model [117] predict the value of NSI parameters of the order of
10~* — 1073, which depend on the scale of new physics and the neutrino mass ordering.
The strong constraints on NSI parameters make them very difficult to be observed in
the long baseline experiments. The model independent current upper bounds of NSI

parameters at 90 % C.L. are given as [118-123]

42 03 05
leagl < | 0.3 0.068 0.04 |. (5.4.1)
0.5 0.04 0.15

From the above equation, it should be noted that the bound on LFV-NSI parameters
as |eeu| < 0.3, e, < 0.04 and |e.,| < 0.5, therefore, in the analysis one can use the
representative values for e, €, and €., close to their upper bounds, i.e., as 0.2, 0.03
and 0.3 respectively. It should also be noted that each NSI parameter €,5 has a CP

phase 0,3, which can vary between —7 to .

5.5 Effect of NSI on v, appearance probability and

event spectra

In general, the measurement of branching ratios (BRs) and the CP violation parameters
can be used to probe the New Physics effects or non-standard interactions in the
flavor sector. If any inconsistency found between the experimental observed values and
the corresponding SM predictions in these observables, it would imply the presence
of new physics. However, in the case of neutrinos one can not use branching ratio
measurements to study the new physics effects, since the mass difference between
neutrinos is really small and also experiments detect neutrinos as flavour states (mixed
state of mass eigenstates). The various issues regarding the BR measurement of

neutrinos are discussed in [124]. Therefore, in the case of neutrinos, new physics effect
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can be studied by using the oscillation probabilities. The super-beam experiments like
T2K, NOvA and DUNE use muon neutrino beams as neutrino source. Therefore, this
section discusses the consequences of LFV-NSI parameters on neutrino appearance

(v, — v.) probability.
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Figure 5.5.1: Neutrino appearance probability for the v, — v, without NSI (light
shaded region) and with NSI (dark shaded green, red and blue regions are correspond
t0 €ep, €4r and €., parameters contribution respectively) for T2K (top panel), NOvA
(middle panel) and DUNE (bottom panel). The hierarchy is assumed to be NH

To study the implications of LF'V-NSI on the propagation of neutrinos, one can use
GLoBES package [128,[129] along with snu plugin [130,[131]. This chapter not only
focus on the current generation experiments but also study the effect of NSI on the
sensitivities of proposed experiment Deep Underground Neutrino Experiment (DUNE).
DUNE is a next-generation long-baseline neutrino experiment based at the Fermi
National Accelerator Laboratory. It uses Liquid Argon (LAr) detector with fiducial
volume 35 kt and the detector is placed at 1300 km away from Fermilab. Moreover,
the neutrino beam with energy between 0.5 GeV and 8 GeV is obtained from a proton

beam with beam power 700 KW and beam energy 120 GeV ( 6 x 10* protons on
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Expt. setup T2K NOvA DUNE
[701-72) B7B3l6d | (126127
Detector Water Cherenkov | Scintillator | Liquid Argon |
Beam Power(MW) 0.75 0.77 0.7
Fiducial mass(kt) 225 14 35
Baseline length(km) 295 810 1300
Running time (yrs) 5 (3v+2v) 6 (3v+3v) | 10 (bv+bv)

Table 5.5.1: The experimental specifications.

target (POT) per year). Furthermore, the GLoBES files and the detector parameter
assumptions for DUNE are taken from [125]. In addition, the uncertainty on signal
normalization and background normalization that considered in the analysis are 5%
and 10% respectively . Moreover, the experimental details of T2K, NOrvA and DUNE
are given in Table [5.5.1] The values of standard oscillation parameters that are used

in the analysis are given in the Table [5.5.2]

Oscillation Parameter True Value
SiIl2 912 0.32
sin® 205 0.1
sin® fys 0.5, 0.41 (LO), 0.59 (HO)
Am2,. 2.4 x 1073 eV? for NH
—2.4 x 107% eV? for TH
AmZ, 7.6 x 107° eV?
50]3 0°

Table 5.5.2: The true values of oscillation parameters considered in the simulations
are taken from [2§].

The Fig. illustrates the calculated transition probability with and without NSI
for T2K (top panel), NOvA (middle panel) and DUNE (bottom panel) by assuming
hierarchy as NH for neutrinos. In the figure, the light shaded regions correspond
to probability in the standard oscillation (SO) paradigm, whereas the dark shaded
green, red, and blue regions represent the additional contribution to the oscillation
probability, which are coming from NSI parameters e.,, €, and e, respectively. From
the figure, one can see that the NSI contribution to oscillation probability is noteworthy
in presence of €., and e, parameters, whereas the contribution from ¢, is negligible.
It can also be seen from the figure that there is significant change in the oscillation
probability in the presence of NSIs for both NOrvA and DUNE, whereas for T2K,

the effect is found to be rather small, i.e., NOvA and DUNE are more sensitive to
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NST effects. It should be noted from the figure that there is a substantial change in
the oscillation probability of DUNE experiment in the presence of NSI. Therefore,
DUNE experiment can be used to investigate various effect of NSI, which are expected
to be observed in the long baseline experiment. Moreover, NSI can even affect the
results, which require much precision on their measurements for the determination of

the unknowns in neutrino sector, of the currently running experiments like T2K and

NOvA.

One of the most convenient way to show the effect of NSI parameter ., on oscillation
probability, is by obtaining AP = |Pygr — Psr| (where Pygy(sry denotes the probability
with Non-standard (Standard) interactions) for different baseline length and energy
using the neutrino oscillation parameters as given in Table [5.5.2] The contour plots
for AP as a function of neutrino energy and baseline length are given in the Fig.[5.5.2
The different shades in the figure correspond to different ranges of AP. It can be
seen from the figure that AP € (0.02,0.03) and (0.04,0.05) for NOvA (L = 810 km
and £ = 2 GeV) and DUNE (L = 1300 km and E = 2.5 GeV) respectively for NH,
whereas for IH, AP € (0.02,0.03) for both NOvA and DUNE. This implies that the
non-standard interactions can affect the measurement of oscillation parameters at

NOvA and DUNE experiments significantly.
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Figure 5.5.2: The AP = |Pyg; — Psy| as a function of neutrino energy and baseline
length. The left (right) panel corresponds to Normal (Inverted) hierarchy.

The oscillation probabilities as a function of CP- violating phase for NOvA (DUNE) is
shown in the left (right) panel of Fig. [5.5.3] The dark solid (dashed) curve in the figure
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corresponds to oscillation probability for NH (IH) in the presence of NSI, whereas the
light solid (dashed) curve corresponds to oscillation probability for NH (IH) in the
standard oscillation. From the figure, it can be seen that there is an enhancement
(diminution) in the probability for CP- violating phase in the range 0° < dcp < 180°
(—180° < d¢p < 0°) for both mass hierarchies, if the NSI phase 0., is zero. Further,
the v, appearance event spectra for NOvA and DUNE are shown in Figs. [5.5.4] and
respectively. From these figures, one can see that the event rate in the presence
of NSI is larger than that in SO for dcp =0 or 90°. Whereas for dcp = —90°, the

event rates in presence of NSI is lesser than that in SO for d., = 0.
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Figure 5.5.3: The left (right) panel shows the appearance oscillation probability for
NOvA (DUNE). The dark (light) coloured curves represent the oscillation probability

in the presence (absence) of NSI for d., = 0. The solid (dashed) curves correspond to
NH (IH).

5.6 NSI effect on Physics potential of long baseline

experiments

As the primary objective of long baseline experiments is the determination of the
various unknowns in the phenomenon of neutrino oscillation, it is very crucial to
study the effect of LE'V-NSI on the determination of these unknowns. This section is
devoted to the thorough study of sensitivities of long baseline experiments in presence
of NSIs. From the previous section, it can be understood that the NSI parameter
€. can significantly change the oscillation probability. Therefore, for simplicity, this
section focus on the effect of ., on the determination of other unknowns in neutrino

oscillation sector. Moreover, this chapter also discusses a comparative study of the
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Figure 5.5.4: The event spectra of NOvA for different values of CP violating phase,
i.e, dcp = 0° (left panel), dcp = 90° (middle panel), and dcp = —90° (right panel) .
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Figure 5.5.5: The event spectra of DUNE for different values of CP violating phase,
i.e, 0cp = 0° (left panel), dcp = 90° (middle panel), and dcp = —90° (right panel) .

effect of NSIs on physics potential of different experiments. it should be note that all
the sensitivities are computed by using GLoBES.
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5.6.1 Effect on the determination of neutrino mass ordering

So far, no one know whether the hierarchy of neutrino mass is Normal (m; < mq <<
mg) or Inverted (mg << my < mgy). The MSW effect, the so called matter effect plays
a crucial role in the determination of neutrino mass hierarchy, because unlike vacuum
oscillation, they give different contributions to oscillation probability for NH and IH,
as one can see from the top panel of Fig. [5.6.1] Therefore, a thorough study of effect

of NSIs on the determinations of MH is of great importance in oscillation physics.
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Figure 5.6.1: Neutrino appearance probability for the v, — v, without NSI (top panel)
and with NSI (bottom panel) by assuming both NH (red) and IH (blue) for T2K (left
panel), NOvA (middle panel) and DUNE (right panel).
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Figure 5.6.2: Mass hierarchy sensitivity as a function of true values of dcp. The blue
solid line in the figure corresponds to MH sensitivity without NSI, whereas blue band
in the figure shows the MH sensitivity in presents of NSI (e., =0.3) in the allowed
range of 0., for T2K (left panel), NOvA (middle panel) and DUNE (right panel).

However, if one compare the top and bottom panels of Fig. [5.6.1] it can be seen

that there is considerable overlap between the hierarchies in the presence of NSIs
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and this overlap will worsen the hierarchy determination capability of long-baseline
experiments. Further, the MH sensitivity as a function of true values of Dirac CP
phase d¢p is shown in Fig. In the figure, the solid blue line corresponds to the
MH sensitivity in SO, which is obtained by comparing true event spectrum as NH
and test event spectrum as IH. The blue band in the figure shows the variation in MH
sensitivity for different values of d., with ., = 0.3. This sensitivity is obtained by
doing marginalization over the SO parameters in their allowed parameter space and
adding a prior on sin?26;3. From the figure, it is clear that though the presence of
NSI worsen MH sensitivity, there is a possibility to determine mass hierarchy for T2K

(NOvA) above 20 (30) for 30 % (75%) of parameter space of dcp.

5.6.2 Effect on the determination of octant of 6,3

The resolution of the tension between LO and HO of atmospheric mixing angle is one
of the challenging goal of long baseline neutrino oscillation experiments. This section
discusses the effect of LE'V-NSI on the resolution of octant of atmospheric mixing

angle.
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Figure 5.6.3: Neutrino appearance probability for the v, — v, without NSI (top panel)
and with NSI (bottom panel) by assuming both HO (red) and LO (blue) for T2K (left
panel), NOvA (middle panel) and DUNE (right panel).

The octant degeneracy is merely a consequence of inherent structure of three flavour
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Figure 5.6.4: Octant sensitivity as a function of true values of sin? f3. The blue line
in the figure corresponds to octant without NSI, whereas light blue band in the figure
shows the octant sensitivity in presents of NSI (., =0.3) in the allowed range of o,
for T2K (left panel), NOvA (middle panel) and DUNE (right panel). Neutrino MH is
assumed to be Normal Hierarchy

neutrino oscillation probability, where a set of oscillation parameters gives disconnected
regions in neutrino oscillation parameter space and it makes too difficult to find the true
solution. However, the matter effect in long baseline experiments can help to resolve
the octant of fy3 [132], since the oscillation probability gives different contributions
to HO and LO as one can see from the upper panels of Fig. [5.6.3] From the lower
panels of the figure, it can be seen that there is considerable overlap between the
lower and higher octants in the presence of LFV-NSI, which will worsen the sensitivity
of long baseline experiments in the determination of octant of #53. Moreover, the
octant sensitivity as a function of true value of sin?fy3 is given in Fig. The
octant sensitivity is obtained by comparing true event spectrum (HO/LO) with test
event spectrum (LO/HO). The x? is calculated by doing marginalization over SO
parameter space in their allowed values and adding a prior on sin?26,35. From the
figure, it can be seen that there is a possibility of enhancement in the sensitivity of
octant of atmospheric mixing angle in the presence of LF'V-NSIs, though LFV-NSIs

worsen the sensitivity.

5.6.3 Effect on the determination of CP violating phase dcp

One of the main objectives of long-baseline neutrino oscillation experiments is the
determination of the CP violation (CPV) in the leptonic sector. Therefore, it is crucial
to study the effect of NSI on the determination of CPV at T2K, NOvA and DUNE
experiments. In order to understand the effect of NSI at probability level, the v,
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Figure 5.6.5: The v, — v, oscillation probability as a function of neutrino energy for
NOvA (DUNE) in the top (bottom) panel.The left (right) panel corresponds to NH
(IH).

appearance oscillation probability for NOvA (DUNE) is given in the top (bottom)
panels of Fig. [5.6.5] The light coloured band in the figure corresponds to the oscillation
probability in the presence of NSI for allowed values of NSI phase parameter ., if
dcp = 0. From the figure, one can see that the CP-violating oscillation signals (dark
solid and dashed oscillation curves) in SO can mimic the CP-conserving oscillation
signal (light solid oscillation curve) in presence of NSI. This leads to misinterpretation

of oscillation data if NSIs exists in nature.

Moreover, the direct measurement of CP violation can be obtained by looking at the
difference in the transition probability of CP conjugate channels i.e, by analyzing the

v, appearance and v, appearance probabilities.

The observable so called CP asymmetry (Acp) can be used to quantify the effects due

to CP violation and it is defined as

|l

Re e (5.6.1)

A =
cp P

P
Pe

where P, is the v, appearance probability and P, is 7, appearance probability.
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Figure 5.6.6: The CP asymmetry bands for T2K (left panel), NOvA (middle panel)
and DUNE (right panel) without NSI (light coloured band) and with NSI (dark
coloured band) by assuming both NH (top panel) and IH (bottom panel). The solid
black line corresponds to CP asymmetry for dcp = 0 without NSI, where as the dashed

05 [

-0.5

0.5

05

i B e e
8cp =0, € = 0.3, 8 = [-1er] I
Bcp = U7, 0 =0, 85, =0

/g_

TP TV I I TR T I |
02 04 06 08 1 12 14 16 18 2
Energy (GeV)

Ocp =0, € = 0.3, O, = [-17] N
Ggp = [T, £ =0, 84, =0

v

T T I T T T !
02 04 06 08 1 12 14 16 18 2
Energy (GeV)

Acp

Acp

05

-0.5

05

05

R e A
8cp =0, =03, 8= [-1er] m
Bp = UM, £, = 0, 8y, =0

1 15 2 25 3 35 4 45 5
Energy (GeV)

AR AR AR AR AR ARAS
Ocp =0, € = 0.3, O = [-1e7] N
8cp = 10T, £ =0, 8y =0

i

T T T T TN T
1 15 2 25 3 35 4 45 5
Energy (GeV)

A e e
8cp =0, 86 =0.3, 8= [r] m
8cp = [T, € =0, 8 =0

2 3 4 5 6 7
Energy (GeV)

05

05

T
Bep =0, 60 = 0.3, B = [Ter]
Scp = [T, €r =0, 8 =0

Energy (GeV)

white line corresponds to CP asymmetry for dcp = 0 with NSI (e, = 0.3).

Figure 5.6.7: The CPV potential as a function of true values of dcp for T2K (left
panel), NOvA (middle panel) and DUNE (right panel) without NSI (solid blue line)
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Fig. shows the CP asymmetry bands for T2K (left panel), NOvA (middle panel)
and DUNE (right panel) without NSI (light coloured band) and with NSI (dark
coloured band) by assuming both normal (top panel) and inverted (bottom panel)
hierarchies. The solid black line corresponds to CP asymmetry for écp = 0 without
NSI, whereas the dashed white line corresponds to CP asymmetry for dcp = 0 with
NSI (e., = 0.3). The dark bands in the figure show the impact of the phase of
LEFV-NSI parameter on Acp. Therefore, the dark bands correspond to the fake CP
signals which are coming from NSI. From the figures, it is clear that there is not much
change in the asymmetry with NSI and without NSI in the case of T2K, whereas in
the case of NOvA the bands show that there is significant change in the asymmetry
with NSI and without NSI. Moreover, the change in the asymmetry is quite large in
the case of DUNE. From the figure, it is clear that NSI can give fake CP signals even
without considering contributions from the intrinsic phase (d.,) of NSI parameter and

therefore, it is very difficult to determine the CP violation in the presence of NSIs.

The CP violation sensitivity as a function of true values of dcp for T2K (left panel),
NOvA (middle panel) and DUNE (right panel) is shown in Fig.[5.6.7 The CP violation
sensitivity is obtained by comparing the true event spectrum and test event spectrum
with 6% = 0, 7. The minimum x? is obtained by doing marginalization over the SO
parameter space and adding a prior on sin? #;5. From the figure, it is clear that there
is a possibility to determine CP violation above 20, 30 and 50 with 30%, 60 % and
60 % of dcp parameter space for T2K, NOvA and DUNE respectively.

5.7 Degeneracies among oscillation parameters in
presence of LFV-NSI

One of the major issues in neutrino oscillation physics is the parameter degeneracy
among the oscillation parameters. In the standard oscillation physics, there are four-
fold degeneracies among the oscillation parameters and they are known as octant
degeneracy and mass hierarchy (sign of Am2,) degeneracy. Therefore, this section
discusses a simple way to understand the degeneracies among the oscillation parameters

in the presence of LFV-NSI parameter e.,, by using bi-probability plots i.e., CP
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Figure 5.7.1: The CP trajectory for T2K (left), NOvA (middle) and DUNE (right)
with (bottom panel) and without (top panel) NSIs.

trajectory in a P, ..) — Pls,-p.) Plane and dcp-Acp plane.

The Fig. shows the bi-probability plots for T2K (E = 0.6 GeV, L = 295 km),
NOvA (E =2 GeV, L = 810 km) and DUNE (F = 3 GeV, L = 1300 km) for both
NH (solid line) and TH (dashed line) where dark (light) colour plot corresponds to
HO (LO). In the figure, the upper panel corresponds to dcp trajectory without NSIs,
whereas the lower panel corresponds to d., trajectory with €., = 0.3 and dcp = —90°

(it is the presently favoured value of CP phase).

In the standard oscillation paradigm, the NH and IH ellipses are well separated in
the case of DUNE experiment, compared with T2K and NOvA experiments. This
means that DUNE experiment has highest mass hierarchy determination capability.
However, the ellipses in presence of LEFV-NSI overlap with each other, which will
significantly worsen the hierarchy determination capability of DUNE experiment. It
can also be seen from the figure that octant degeneracy can be resolved by using
all the three experiments, since the light coloured ellipses are well separated from
dark coloured ellipse in the SO. Whereas the octant resolution capability of NOvA
and DUNE experiments become worsen in presence of LEV-NSI, because there is
significant overlap between the CP trajectories of HO and LO in presence of LFV-NSI.

Moreover, there present new types of degeneracies among oscillation parameters in
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presents of LFV-NSI.

For a detailed discussion on the resolution of parameter degeneracies among the
oscillation parameters, focus on the bi-probability plot of DUNE with NSI i.e., bottom
right panel of Fig. One can see from the figure that

e If 6., = —180°, then the points in the Pw,~ve) — Po,-5.) plane are well separated
in the case of NH-HO and IH-HO, which is a clear indication of mass hierarchy
determination even in presence of LFV-NSI. Whereas, the capability of MH is
reduced in the case of IH-LO and NH-LO. It is also noted from the figure that,
NH(IH)-HO and NH(IH)-LO are also well separated, which means that octant

determination is possible in this case.

o If 6., = —90°, then it is extremely difficult to infer any definitive conclusion
about the determination of both mass hierarchy and octant, since all the four

degenerate points in P, ) — Fu,-5.) plane are very close to each other .

e If 4., = 0, then all the four degenerate points are very close to each other in
Pu, vy — Po,—5.) plane and therefore it is extremely difficult to make any

decisive prediction about the determination of both mass hierarchy and octant.

o If 6., = 90°, then the points correspond to NH-HO and IH-HO in P, .. —
P, -5.) plane are very well separated, which is an indication of MH determina-
tion. However, the capability of determination of mass hierarchy is reduced in

the case of LO. It is also noted that octant determination is poor in this case.

All the above predictions are made under the assumptions that the value of LFV-NSI
€er 1S mear to its upper bound and the value of CP violating phase is near to its
currently preferred value i.e, dcp = —90°. Moreover, these predictions point toward
that the mass hierarchy and octant determinations are possible even in the presence

of LFV-NSI, if 4., = —180° or 90°.

Another simple way to understand the parameter degeneracies among the oscillation
parameters is by simply looking at the CP-asymmetry, which is defined in Eqn. .
CP-asymmetry as a function of d¢cp for NH-LO, NH-HO, IH-LO and IH-HO for
DUNE experiment is given in Fig. [5.7.2] The top left panel of the figure shows the
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Figure 5.7.2: The parameter degeneracy among the oscillation parameter in dcp-CP
asymmetry plane for DUNE experiment. The top left panel shows the degeneracies
in SO, whereas the other three panels show the degeneracy in presence of LFV-NSI
with d., =0, -90, and 90 respectively. The bottom panel shows the Acp for NH-HO,
NH-LO, IH-LO and IH-LO in presence of NSI (e., = 0.3 and 6., = [ : 7]).

CP asymmetry in standard oscillation and it can be seen from the figure that CP
asymmetry is more in LO than in HO for both NH and TH. The rest of three in the
top panel show the CP asymmetry in presence of NSI with d., = 0, —90°, and 90°
respectively. It is clear from the figure that LFV-NSI introduces other degeneracies
among the standard oscillation parameters. Moreover, the bottom panel shows the Acp
for NH-HO, NH-LO, IH-LO and IH-LO in presence of NSI (e, = 0.3 and 6., = [7 : 7).
Therefore, degeneracy resolution in presence of NSI extremely complicated. It also
noted that degeneracy resolution capability is mainly depend on the value of 9., for
instance if 6., = 90°, then CP-asymmetry for IH-LO and [H-HO are almost same and

one cannot distinguish between them.

5.7.1 Correlation between dcp and 093

This subsection discusses the effect of LE'V-NSI on the allowed parameter space of
sin? 03 and d¢cp. Further, the Fig. [5.7.3| shows the 20 C.L. regions for sin? fs3 vs. dcp
with true sin? 6,3 = 0.41 (0.59) for LO (HO) and true dcp = —90°, for T2K (top panel)
and DUNE (bottom panel) experiments. From the figure, one can see that there is

significant change in the allowed parameter space in presence of LEF'V-NSI for DUNE.
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Figure 5.7.3: The 20 C.L. regions for sin? 63 vs. dop with true sin? 63 = 0.41 (0.59)
for LO (HO) and true dcp = —90°. The top panel corresponds to T2K and bottom
panel corresponds to DUNE experiments.

5.8 Summary and Conclusions

This chapter is devoted to study role the non-standard interactions of neutrino that
are coming from various extensions of SM on physics potential of long baseline ex-
periments. Moreover, this chapter is mainly focused on the lepton flavor violating
propagation NSIs. Though the conservation of lepton flavour is one of the unique
feature of the SM, recently there are a series of experimental results in B physics
pointing towards possible violations of LFU, both in the charged and neutral current
mediated semileptonic decays. Such lepton flavour universality violation could in
principle also induce lepton flavour violating interactions. Further, the lepton flavour
violating couplings in the Z' model is constrained by using the upper limits of the
corresponding branching ratios of the lepton flavour violating decays of B meson, i.e,
By — 7T decay. In this way obtained the bound on NSI parameters as |e..| < 0.7
from the decay rate. And studied the possible implications of these new physics
interactions in the long-baseline neutrino oscillation experiments by assuming these
NSI parameters in the charged lepton sectors to be related to the corresponding NSI
parameters in the neutrino sector by SU(2), symmetry. From the analysis, it is found
that the discovery reach for the unknowns in oscillation physics by these experiments
can be altered significantly in the presence of LFV-NSIs. Moreover, it is found that the

degeneracy discrimination capability of all the experiment will worsen in the presence
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of LEF'V-NSI,| since it leads to new degeneracies among the oscillation parameters other
than the existing degeneracies in standard oscillation physics. It is also found that
the possibility of misinterpretation of oscillation data in the presence of new physics
scenarios (NSIs), give rise to wrong determination of octant of atmospheric mixing
angle, neutrino mass hierarchy and the CP violation. Moreover, the dcop coverage of
NOvA for CPV sensitivity above 1o is reduced in presence NSIs. However, the CPV
sensitivity is enhanced in the presence of NSI and it is above 5o for more than 50%

allowed values of dcp in the case of both NH and IH for DUNE.






CHAPTER

Summary and Conclusions

The ultimate aim of the theories and experiments which are mainly focussing on
neutrinos is to construct a theoretical model which can explain both observed neutrino
masses and lepton mixing pattern. Such a theoretical formulation requires the best
knowledge of neutrino oscillation parameters especially neutrino mass hierarchy, octant
of o3, and CP violating phase dcp. The long baseline neutrino oscillation experiments
are indented to determine all these unknowns in neutrino sector, which are mainly
looking for v,(7,) to v.(7.) oscillation channel since this channel is sensitive to
all the unknowns. This thesis sheds light on the present knowledge of neutrino
oscillation parameters by examining the sensitivity of current and future long baseline

experiments.

The first chapter of this thesis started with a brief historical review of neutrino and
it is followed by the discussions on the nature of neutrino in the Standard Model
and beyond the Standard Model by which one can understand what makes neutrino
so special among all other fundamental particles in SM. Further, this chapter is
ended with an overview of the whole thesis work. Chapter 2 of this thesis discussed
theoretical framework of neutrino oscillation, which emphasized the role of matter
effect. Moreover, this chapter also discussed the evidence of neutrino oscillation, the
various neutrino oscillation experiments and the current status of neutrino oscillation

parameters.
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Chapter 3 of this thesis presented a study towards extracting best possible results
from the currently running long baseline experiment, NuMI Off-Axis v, Appearance
(NOvA). The determination of unknown parameters by an oscillation experiment like
NOvA, which is mainly rely on the oscillation probability, is extremely difficult due
to the parameter degeneracies, since various combination of these parameters give
the same probability. In this context, this chapter investigated whether it is possible
to extract the best results from NOvA with a shorter time-span than its scheduled
run period by analysing its capability to discriminate the degeneracy among various
neutrino oscillation parameters within four years of run time, with two years each in
neutrino and anti-neutrino modes. This chapter also discussed the synergy between
NOvA and T2K experiment with a total of five years run with 3.5 years in neutrino
mode and 1.5 years in anti-neutrino mode. It is found that the parameter degeneracy
discrimination capability of NOvA (2+2) is quite good when compared with NOvA
(3+1). Looking all the results from the analysis, it is strongly urged that after two
years of neutrino running, NOvA should run for two years in anti-neutrino mode to
provide better information about the determination of neutrino mass ordering and

the octant of atmospheric mixing angle.

Chapter 4 of this thesis discussed a comprehensive study of the discovery potential
of currently running accelerator based neutrino experiments NOvA and T2K and
the forthcoming T2HK experiment. This chapter investigated the prospects of the
determination of current unknowns with these experiments. The following results can

be inferred from the analysis:

e Octant resolution: It is found that T2K experiment with (3v +2v) years of runs
can resolve the octant degeneracy with nearly 20 C.L. if the true value of o3 to
be around sin? 3 = 0.41 (LO) or sin? fo3 = 0.59 (HO). The sensitivity increases
to nearly 30 with (3v +3v) years running of NOvA. However, if one combines the
data from these two experiments the sensitivity increases significantly than the
sensitivities of individual experiments. It is also found that octant degeneracy

can be resolved with NOvA experiment alone with more than 3o significance, if
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one assumes that NOvA continues data taking for 10 years.

e Mass hierarchy determination: It is also found that one can rule out nearly
one-third of the dop space at 30 C.L. for mass hierarchy determination, if one
uses the synergy between NOvA and T2K experiments. Further, the sensitivity
increases significantly for ten years of running of NOvA and NOvA with (5v+5v)

combination is found to be more suitable than the combination of (7v+3v).

e Determination of CP-Violation: It is found that T2K by itself has marginal CP
violation sensitivity at 1o CL. For NOvA with (343) years of running there
will be CP violation sensitivity above 1.50 level for about one-third of the CP
violating phase dcp space. The sensitivity increases slightly for 10 years of run
time, with (5v + 5v) combination having sensitivity than that of (7v + 30)
combination. The data from T2HK experiment will improve the CPV sensitivity
significantly. It is also found that the CP violating phase dcp can be determined
to be better than 35°, 21° and 9° for all values of d¢cp for T2K, NOvA and T2HK

experiments.

Chapter 5 of this thesis dealt with the impact of non-standard neutrino interactions
(NSIs), which can be considered as sub-leading effects in neutrino oscillation, on the
physics potential of long baseline experiments. This chapter mainly discussed the
implications of Lepton Flavor Violating propagation NSIs on the physics potential
of various neutrino oscillation experiments in both model independent and model-
dependent ways. In model independent method, the constraints on the NSI parameters
are taken from [118,|119]. Whereas in model dependent analysis, there considered a
model with an additional Z’ boson,which is quite successful in explaining the observed
LFU anomalies in the B meson sector. And analysed its effect in the lepton flavour
violating (LFV) By — 7T decay modes. Moreover, the constraints on the new
physics parameters is obtained from the present upper bound of the By — 7%eT
branching ratio. These parameters are related to the corresponding NSI parameters in
the neutrino sector by SU(2), symmetry and investigated the possibility of observing
the effects of these interactions in currently running and upcoming long-baseline
experiments, i.e., NOvA and DUNE respectively. It is found that the NSI parameters
in the er sector remarkably affect the v, appearance oscillation probability. Moreover,

it is also found that the possibility of misinterpretation of oscillation data in the
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presence of new physics scenarios (NSIs), give rise to wrong determination of octant
of atmospheric mixing angle, neutrino mass hierarchy and the CP violation. The d¢p
coverage of NOvA for CPV sensitivity above 1o is reduced in presence NSIs. However,
the CPV sensitivity is enhanced in the presence of NSI and it is above 50 for more
than 50% allowed values of dc-p in the case of both NH and IH for DUNE. It also
found that the degeneracy discrimination capability of all the experiment will worsen
in the presence of LE'V-NSI, since it leads to new degeneracies among the oscillation

parameters other than the existing degeneracies in standard oscillation physics.

The current generation accelerator-based long baseline experiments have played crucial
role in the measurements of neutrino oscillations parameters. To avoid the misinterpre-
tation of oscillation data in presence of New Physics (NSI) as discussed in this thesis,
one should need high statistics (large event rates). The experiments with very intense
and well understood neutrino beam and very large detectors ensure large statistics
and leads to the complete understandings of the neutrino oscillation parameters. In
this way, over the next few years, long baseline experiments promise a rich program of

research with the sensitivity to make the fundamental discoveries.




APPENDIX

Relation between the measured and
standard atmospheric oscillation pa-

rameters

In general, the atmospheric oscillation parameters are measured by using two flavor
framework. However, the three flavor framework has become the standard picture
of neutrino oscillation. Therefore, this subsection discuss the relation between the
measured atmospheric oscillation parameters (Amfm, 6,,) and that in the standard

three flavor framework (Am3,, 6a3). In order to find this, consider the v, disappearance

probability in two flavor framework,

Pyt =1 —sin?20,,sin’ A, (A.0.1)

N Am?2 L
_ M
where A, = =

. The disappearance oscillation probability in three flavor frame-

work is given by,

P;f =1- 4’UN3’2‘UH1‘ZSHI2 A31 — 4|Uu3|2|UH2’281n2 Agg — 4‘UH2|2|UM1|2 Sil’l2 AZI)
(A.0.2)
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A~ 2
where Ag; = Ag?’l . Neglecting the last term in the above equation yields,

P?fou = 1_4|U;L3|2|Uu1|231112A31—4|UM3|2]U#2|2sin2A32

1- P;fu 2 2 02 A 2 02 A
— U3 (‘Uul‘ sin® Agy + |U,2|” sin Agz),
Ups? (U]? + |U2?) (a1 sin® Agy + apsin® Agy ), (A.0.3)
2 2
where ap = % and a9 = % with ay + as = 1.
1— PMM U 2 . “
B0 0B 1 0,60) [on (1 cos2A) + a (1~ con2As0)]

Substituting for Az, = Agy — Ay yields,

LR Wl

4 (|Uu1|2+’Uu2| )

{al (1 — cos 2A31> + as (1 — (cos 2A3; cos 27y, + sin 275, sin 2A21))} :

Since Agl is really small, which indicates that cos 2A21 ~ 1 and sin 2&21 ~ 2521,

1—P§W |U 3|
Tf = M (|Uu1|2+ |Uu2’ )

[al (1 — cos 2A31) + as (1 — (cos 2A31 +2A,; sin 2531)” ,

|Us|?
= M (|Uu1|2+|Uu2| )
[al — a1 COS 2A31 “+ a9 — ag CoSs 2&31 — 2&21@ sin 2A31} s

U R ) .
_ | u3| (|U#1|2 + U] ) {1 — cos 2A3; — 2As1a9 Sin?A:ﬂ} ;

L — 2wl then

Now define cosa = —— and sin o = 2,
1+4a2A21 V 1+4a3A3,

1_P?#l |Uu3‘2

; — (\UH1| + |U,0| ) {1 — (cos acos 274, — sin asin 2531)\/ 14 4a§A§1 ,
_ |Uu3‘2 2 A 2A2
= (Ua]? + [U2l?) [1 = cos(2Ag1 — a)y/1+ 4a3A3, |,

Ignoring the higher order terms of Aoy yields,

1— P | U3/ .
4 f = ; (|UH1|2 + |U#2|2) [1 — COS<2A31 — Oé)} .
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It should be note that o = tan‘l(QaQAﬂ) ~ 2a2A21. Therefore,

1-— Pg}u ’UM3’2 2 2 A A
—r = ; (|Uu1| + U] ) {1 — cos 2(Agz; — a2A21)} 5

= |Uﬂ3’2 (|U#1|2 -+ |U“2|2) SiHQ(Agl — agAgl).

P = 1= 40" (|Un]* + [U2l?) sin®(Agy — a2Agy). (A.0.4)

Compare above equation with Eqn gives,

A~

AW = Az — a2y

sin?20,, = AUl (|Ual? + [Usl?)

Amiu = Am3, — asAm3,
Uol?
= Am?, — Ui Am?
o |Uu1|2 + |Uu2|2 2
2 |Uu2|2 2 2 2 2
= Amg — wAmm U |” + Up2l” + [Ups|” =1
w

sin® 20, = 4|Usl? <1 - |Uu3|2) :

The PMNS matrix for three flavor mixing

—is
C12C13 $12€13 S13€”°0F
_ i 6
Upvns = —512C23 — C12523513€"°°Y  C1aCe3 — S12523513€"°CF S93C13
i i
512823 — C12C23513€"°CF  —C12803 — $12523513€"°°F  Ca3Ci3

Using ng = (C12C23 — 8128238136i60P, U,ug = S$93C13 and neglecting hlgher powers of S13

gives
2 2 2 2 .2 .2
|U'u2| . C12Co3 + 519523513 — 2012023812823813 COS 5CP
2 2 .2 ’
1— U] 1 = sa3¢13
S
—~ 2 23
~  Cip — 2C12$127513 COS 50]3,
C23
= cos? b5 — sin 261, tan Oyg sin b5 cos dop,  and (A.0.5)
: 2 _ 2 2 2 2

2 2
4553C75

Q
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Finally, the relation between the atmospheric parameters in a 2 flavor framwork and

three flavor framework is given by,

Amiu = Am?,,1 - (0032 012 — sin 26,5 tan O,3 sin 6,3 cos 5Cp) Amgl, and
sinf,, = sinby3cosb;;.

Therefore, it can be written as,

Am3, = Amiu + (C082 015 — sin 26,5 tan Oy sin fy5 cos (5cp) Am3,, andA.0.7)
sin 0

infyy; = —M, A.0.8

S 2 cos 13 ( )

More details can be seen in [66-68].
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