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Synopsis

Motivation

The fundamental particle neutrino has remained one of the most elusive particle

since it’s postulation in 1930. The theoretical existence of neutrino was first put

forward by Pauli to solve the four momentum and angular momentum conservation

in nuclear β-decay [1]. The first experimental detection came in 1956 by Reines

and Cowan [2]. Since then neutrinos have always remained as an exciting field

till today. According to the Standard Model (SM) of particle physics, neutrino

is mass less. But the discovery of neutrino oscillation, a phenomenon where one

mass eigen state changes it’s flavour to another while traveling, established the non

zero mass of the neutrinos and opened the door to explore the Beyond Standard

Model (BSM) physics. The superposition of different mass eigenstates to form the

flavour state is incorporated through a unitary transformation. In three flavour, the

matrix elements can be parameterized by three mixing angle namely θ12, θ23 and

θ13 with an additional CP phase δCP . The mass matrix can be expressed with two

independent mass squared differences ∆m2
21 and ∆m2

31 where ∆m2
ji = m2

j −m2
i .

The amplitude of the oscillation is dictated by the three mixing angles while the

frequency is governed by the two mass squared differences. Various world wide

efforts are going on to probe the oscillation parameters [3]. The magnitude and the

sign of ∆m2
21 is decided by the Solar and reactor based neutrino experiments while

the magnitude of ∆m2
31 is known through atmospheric and long baseline (LBL)

xvii
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experiments. The sign of the ∆m2
31 remains an open question till date leaving two

possible scenarios: ∆m2
31 > 0 which is referred to as normal hierarchy (NH) and

∆m2
31 < 0 which is called inverted hierarchy (IH). The phase δCP determines the CP

violation in neutrino sector. The value of δCP = 0◦,±180◦ implies CP conservation

whereas δCP = ±90◦ corresponds to maximum CP violation. The magnitude of

the CP violating phase δCP is still unknown although global analysis [4] hints it to

be near 270◦. Among the mixing angles, θ12 is measured with high precision and

in recent times θ13 has been measured with non-zero value [5]. Maximum mixing

is assumed for θ23, although any deviation from the maximum mixing (i.e. 45◦)

leaves two possible octant scenarios: i) θ23 < 45◦ implies lower octant (LO) and ii)

θ23 > 45◦ implies higher octant (HO). Other than measuring oscillation parameters,

various experiments are designed using various neutrino sources and innovative

detector technologies with novel methods to probe the absolute mass scale of the

neutrinos, the nature of neutrinos i.e. Dirac or Majorana. As a part of the global

effort, the India-based Neutrino Observatory (INO) has been initiated in India to

build an underground multidisciplinary laboratory. The proposed 50 kt magnetized

Iron Calorimeter (ICAL) detector will measure the oscillation parameters using

atmospheric neutrinos as sources and by using three identical modules of dimension

16 m × 16 m × 14.5 m each. ICAL will use the Resistive Plate Chambers (RPC) as

an active material to detect the signals of neutrino interactions. The total height of

the ICAL detector will be due to total 151 layers where each layer comprises of 5.6

cm iron block and the RPC with 4 cm gap in between. The whole detector will be

magnetized to about 1.5 Tesla and will be placed inside the overall rock coverage

of 1 km inside a mountain in the southern part of India to reduce the cosmic muon

background. The main goal of INO is to determine the mass hierarchy by utilizing

the matter effect and distinguishing νµ and ν̄µ by separating µ− and µ+ respectively

using the strong magnetic field. Along with standalone results, INO can also help

by combing it’s result with other global experiments to improve the sensitivities of
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oscillation parameters using various synergies and search for new physics which is

beyond the Standard Model.

In this thesis we have studied how mass hierarchy and octant sensitivity can be

improved by combining different long baseline experiments with the atmospheric

experiment INO. Parameter degeneracies pose challenges when calculating the sen-

sitivity of oscillation parameters. By using different synergies we have shown how

the bottle neck of degeneracies can be overcome and better sensitivities when comb-

ing long baseline experiments with the atmospheric experiment INO. In other study

we have shown that if neutrino decay exist in nature how well the proposed neu-

trino experiment in India i.e. INO- ICAL will be able to put bounds on the decay

parameters.

Events in ICAL

INO ICAL experiment will use atmospheric neutrinos as the source. These neu-

trinos are produced when the cosmic ray particles interact with the air molecules

present in the atmosphere and from their subsequent decay products. The flux

of such atmospheric neutrinos covers a wide range of energies, from MeV to as

high as few TeV. These neutrinos interact with the ICAL detector material via two

type of interactions: Charge Current (CC) and Neutral Current (NC). In the CC

interaction, neutrino interacts with detector material and produce charge lepton of

same flavour alongside hadrons whereas in NC interaction, neutrino does not loose

it’s identity and produce hadrons along side neutrino in the final state. For CC

and NC interactions, different processes can take place depending on the type of

the target molecule and the energy of the neutrino. These are classified into three

broad categories: quasi elastic (QE), resonant production (RES) and deep inelas-

tic scattering (DIS). In the low energy (Eν < 1 GeV) QE interaction become the

dominant one where neutrino scatters entire nucleon elastically producing single
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or multiple nucleons. In RES interaction neutrino can excite the target nucleon

to a resonate baryonic state which further decays to different types of mesons and

nucleons in the final state. This type of resonance process become dominant in the

1-2 GeV energy range. As the energy of the neutrino increases, the chances of neu-

trino interactions with the quarks, constituent of target nucleon, also increase and

hadronic shower comprises of nucleons, mesons and other hadrons are generated.

After 2 GeV, DIS become the most dominating interaction mechanism. Details of

the interaction mechanism and the interaction modes can be found in [6]. INO ex-

periment is planned to explore the matter effect of neutrinos in the GeV range and

thus the main challenge is to differentiate the charge leptons produced in the CC

interaction from the associated hadrons. As atmospheric flux contain both νe and

νµ along with their associated anti neutrinos, the events of ICAL gets contribution

from both of them. ICAL detector is optimized for the detection of νµ and ν̄µ and

the number of events detected by ICAL will be:

d2N

dEµd cos θµ
= t× nd ×

∫
dEνd cos θνdφν ×[

Pm
µµ

d3Φµ

dEνd cos θνdφν
+ Pm

eµ

d3Φe

dEνd cos θνdφν

]
× d2σµ(Eν)

dEµd cos θµ
(1)

where nd is the number of target nucleons in the detector, σµ is the differential

neutrino interaction cross section in terms of the energy and direction of the muon

produced, Φµ and Φe are the νµ and νe fluxes and Pm
αβ is the oscillation probability

of να → νβ in matter. A sample of 1000 years of unoscillated neutrino events is

generated using NUANCE-3.5 neutrino generator [7] which include the Honda 3D

atmospheric neutrino fluxes [8] and neutrino-nucleus cross sections and simplified

ICAL geometry. Oscillation is introduced by multiplying with the relevant oscilla-

tion probability in Earth matter assuming PREM density profile [9]. The events

are smeared according to the resolution and efficiencies obtained from [10]. These

process is repeated on an event by event basis which is reduced further to 500 kt
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year to reduce statistical fluctuations. Both data and theory events in ICAL are

generated using the same principle where the data is generated with central values

of the oscillation parameters and the theory events are calculated for the allowed

3σ ranges of the oscillation parameters ∆m2
31 and θ23. Having good muon energy

and angular resolution and the capability of ICAL detector to separate hadrons

from the muon track, the events are binned in total three dimensional (3D) space

namely (Eµ, cos θµ, E
′
had). Poissonian χ2 analysis has been performed to extract

the sensitivity of the experiment which is defined as:

χ2
± = min

ξl

NE′
had∑

i=1

NEµ∑
j=1

Ncos θµ∑
k=1

[
2(N theory

ijk −Ndata
ijk )− 2Ndata

ijk ln(
N theory
ijk

Ndata
ijk

)

]
+

Npull∑
l=1

ξ2
l (2)

where, χ2
± refer to the χ2 contribution from µ− and µ+ events respectively. The

following systematic uncertainties are included in the analysis using pull method :

i) Flux normalization error (20%), ii) cross section error (10%), iii) tilt error (5%),

iv) zenith angle error (5%) and v) overall systematic error (5%).

Improving mass hierarchy and octant sensitivity

with long baseline and atmospheric neutrino ex-

periments

The main difficulty while finding out the unknown oscillation parameters, namely

hierarchy, octant of θ23 and δCP , comes from the parameter degeneracies where dif-

ferent sets of unknown parameters produce same probabilities i.e. Pαβ(θ) ∼ Pαβ(θ′)

where θ 6= θ′. Several future experiments are proposed and planned to address the

degeneracy problems and unambiguous determination of the unknown parameters.

This includes the accelerator based experiments T2HK [11] /T2HKK [12], DUNE

[13] and ESSνSB [14, 15]. Among these the main goal of the ESSνSB experiment
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is the determination of δCP . In this thesis we have explored the possibility of

proposed ESSνSB experiment in determining hierarchy and octant in conjunction

with currently running accelerator experiments T2K and NOνA and proposed at-

mospheric neutrino experiment INO. T2K (Tokai to Kamioka) [16] is a 295 km

baseline experiment with peak energy 0.6 GeV and uses JPARC neutrino beam

facility with expected protons on target (POT) of 8 × 1021/year. T2K uses two

Ĉherencov detectors, a near and a far, with an off-axis of 2.5◦ from the neutrino

beam. Super Kamiokande detector with fiducial volume 22.5 kt is used as an detec-

tor for T2K with an ability to distinguish electron and muon events from the shape

of the Ĉherencov rings. In our study we have assumed 4 years of neutrino and four

years of anti-neutrino runs for T2K. NOνA experiment [17] is also a beam based

experiment which uses two scintillator detectors (near detector with fiducial volume

222 tons and the far detector with larger volume of 15 kt) with an off axis of 0.8◦.

NOνA uses high intensity neutrino beam from Fermilab with POT 7.3×1020/year.

NOνA is planned to operate with 3 years of neutrino and 3 years of anti-neutrinos

with peak energy of 2 GeV. In our study we have used the re-optimized NOνA set

up from [18, 19] and have used the full projected run time. ESSνSB [14, 15] is a

proposed accelerator based experiment with a total baseline of 540 km and plans

to use a water Ĉherencov detector like T2K. Focusing on the physics potential of

the second oscillation maximum, ESSνSB will use high intensity neutrino beam

from 2 GeV linac proton with an average beam power of 5 MW and 27 × 1023

POT from European Spallation Source (ESS) in Lund, Sweden. In our study we

have used 2 years of neutrino and 8 years of anti neutrino runs. The simulation of

the LBL experiments are done using General Long Baseline Experiment Simula-

tor (GLOBES) package [20, 21]and the χ2 analysis is done incorporating the pull

variables. The signal (background) tilt error is taken 1%(5%) for T2K, 0.1%(0.1%)

for NOνA and 0.1%(0.1%) for ESSνSB while other systematic uncertainties of

different experiments considered in our analysis are summarized in Table 1. The
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oscillation parameters used while generating events and their marginalization range

are summarized in Table 2.

Channel T2K NOνA ESSνSB

νe appearance 2% (5%) 5% (10%) 5% (10%)

ν̄e appearance 2% (5%) 5% (10%) 5% (10%)

νµ disappearance 0.1% (0.1%) 2.5% (10%) 5% (10%)

ν̄µ disappearance 0.1% (0.1%) 2.5% (10%) 5% (10%)

Table 1: The signal (background) normalization errors used in the analysis for T2K,
NOνA and ESSνSB .

Oscillation parameters True value Test range

sin2 2θ13 0.085 fixed

sin2 θ12 0.304 fixed

θ23 42◦ (LO), 48◦ (HO) 39◦ − 51◦

∆m2
21 (eV2) 7.4× 10−5 fixed

∆m2
31 (eV2) 2.5× 10−3 (2.35− 2.65)× 10−3

δCP (LBL) −180◦ : 180◦ −180◦ : 180◦

δCP (INO) −180◦ : 180◦ 0◦(fixed)

Table 2: The true and test values of the oscillation parameters used in our analysis.

Since INO experiment is not sensitive to δCP , the value of δCP is kept fixed at

0◦ when analyzing INO data to save computation time. For the LBL experiments

δCP is varied between −180◦ to 180◦. While adding the INO results with the LBL

experiments, first the marginalization over test-δCP is performed for LBL experi-

ments and added with INO χ2. The final sensitivity of the combined experiments
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are obtained after marginalizing over other parameters |∆m2
31|, sin2 θ23 as follows:

χ2
tot =

Min
θ23,|∆m2

31|
[
χ2
INO+

Min
δCP χ2

LBL

]
(3)

The mass hierarchy sensitivity with δcp(true) is shown in Figure 1 for different

combinations: NH-LO, NH-HO, IH-LO and IH-HO for individual and combined

experiments [22].
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Figure 1: Mass difference determination for different hierarchies vs δCP (true) for INO-
3D ESSνSB T2K NOνA for four hierarchy-octant combinations starting from top right,
clockwise in the order NH-LO, NH-HO, IH-HO and IH-LO. Each figure consists of six
different experimental combinations which are represented as INO (magenta solid curve),
ESSνSB (blue dashed curve), T2K + NOνA (orange solid curve), ESSνSB + INO (blue
solid curve), ESSνSB + T2K + NOνA (brown dashed curve) and ESSνSB + T2K +
NOνA +INO (brown solid curve).
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The mass hierarchy sensitivity of INO is independent of δCP because of the

sub-dominant effect of δCP in the survival probabilities and due to the smearing

over directions [23, 24] which is shown by the magenta curve in Figure 1. The

mass hierarchy sensitivity of ESSνSB experiment is shown by the dashed blue

line in Figure 1. For all the combinations, mass hierarchy sensitivity is better

for the CP conserving values (0◦, ±180◦) than CP violating values (±90◦). This

happens because of the presence of wrong hierarchy solutions coming with right CP

degeneracy for δCP (true) = ±90◦ which is not the case for δCP (true) = 0,±180◦.

The hierarchy sensitivity of ESSνSB in the higher octant is better than lower octant

but follows the same trend. The combined results of INO and ESSνSB follow the

same trend as ESSνSB but a constant χ2 addition makes the overall sensitivity to

reach as high as 4σ for the CP conserving values in some of the hierarchy-octant

combinations. The hierarchy sensitivity of T2K + NOνA experiment is shown by

the yellow curve. The highest sensitivity comes at δCP = -90◦ for NH-LO and

NH-HO combinations. This happens because of the combined run of neutrino

and anti-neutrino runs in the analysis. For example, in the case of NH-LO, the

wrong hierarchy-wrong octant degeneracy present in the neutrinos is compensated

by the anti-neutrinos run which is free from such degeneracies making the lower

half plane (LHP : δCP = −180◦ : 0◦ ) conducive for hierarchy determination. On

the other hand for NH-HO, although anti-neutrinos suffer from wrong hierarchy-

wrong octant and right CP degeneracy but adding neutrino, which is free from such

degeneracies, removes the overall degeneracies making the LHP to be favorable for

hierarchy determination. The opposite is true for IH. For IH-LO(HO), there is no

degeneracy for neutrinos (anti-neutrinos) for δCP in the upper half plane (UHP :

δCP = 0◦ : 180◦) giving better sensitivities. When T2K and NOνA results are added

with ESSνSB , the CP dependence of the hierarchy sensitivity is governed by all

the three experiments which is shown by the dashed brown line in the plots. The

results from the combination of all the experiments i.e. adding INO with all the
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LBL experiments, are shown by the solid brown line in the plots. The sensitivity

of 5σ can be achieved for all the values of δCP in NH-HO combination whereas

the same sensitivity is achieved for δCP = 0◦ in NH-LO combination and δCP =

0◦, ±180◦ in IH-HO combination. For all values of δCP , the hierarchy sensitivity

remains higher than 4.4σ for IH-LO.
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Figure 2: Octant sensitivity vs δCP (true) for INO, ESSνSB , T2K and NOνA for four
hierarchy-octant combinations starting from top right, clockwise in the order NH-LO,
NH-HO, IH-HO and IH-LO. Each figure consists of six different experimental combina-
tions which are represented as INO (magenta solid curve), ESSνSB (blue dashed curve),
T2K + NOνA (orange solid curve), ESSνSB + INO (blue solid curve), ESSνSB + T2K +
NOνA (brown dashed curve) and ESSνSB + T2K + NOνA + INO (brown solid curve).

We have also studied the octant sensitivity of individual and the combined

analysis of these experiments. To calculate the octant sensitivity, data for a rep-

resentative value of true θ23 belonging to LO (HO) is compared with the opposite

octant HO(LO) along with the marginalization over |∆m2
31|, hierarchy and δCP (



CONTENTS xxvii

only for LBL experiments ). The plots in Figure 2 show the variation of octant sen-

sitivity for the various experiments [22]. The octant sensitivity of INO is shown by

the purple line and is seen to have poor octant sensitivity for all the combinations

of hierarchy-octant. This happens because INO detects only muon signals which

include both muon appearance and disappearance channel and the octant sensi-

tivities are opposite for these two channels. On the other hand LBL experiments

can measure signals from appearance and disappearance channel separately. The

octant sensitivity of ESSνSB is shown by the dotted blue line and the poor sensi-

tivities are due to the degeneracies present over all ranges of δCP for the energies

0.25 GeV and 0.45 GeV. The contribution towards octant sensitivity mainly comes

the 0.35 GeV energy bin. For T2K + NOνA , the octant sensitivity is shown by

the yellow lines and has ∼ 2σ sensitivity for most of the δCP range for the com-

bination of NH-LO and IH-LO with peak sensitivities reaching up to ∼ 2.4σ and

∼ 2.2σ respectively for δCP = 90◦. The combination of neutrino and anti-neutrino

runs help in removing the degenerate wrong octant solutions [25–27]. The synergy

between T2K and NOνA also helps in increasing the sensitivity near δCP =90◦ for

such combinations. For the IH-LO scenario although neutrinos do not suffer from

degeneracies in UHP but anti-neutrinos suffer from degeneracies with NH-HO at

same δCP and IH-HO with δCP in the LHP. Due to the neutrino events having larger

statistics, higher sensitivity is achieved for δCP in UHP. When combining T2K +

NOνA with ESSνSB , the sensitivity improves because of the synergies between

T2K + NOνA and the ESSνSB . The rapid variation of the octant sensitivity χ2

with δCP for ESSνSB controls the overall shape of the combined experiments result

and the position of the overall minimum. When combining INO with the LBL

experiments, the octant sensitivity improves slightly which is shown by the solid

brown curve. With this combination, 3σ sensitivity can be achieved by NH-LO

combination for all δCP whereas the same can be obtained for δCP = 90◦ with

IH-LO. For NH/IH-HO the total sensitivity obtained is close to 2σ.
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Neutrino decay sensitivity at ICAL

Neutrino oscillation has proven to be the solution for flavour transformation in

the journey of neutrinos and the reason behind solar and atmospheric anomalies.

Though INO is proposed mainly to measure neutrino mass hierarchy but INO has

also the capability to study other physics scenarios such as neutrino decay as a sub

dominant effect along with neutrino oscillation with the help of magnetized ICAL

detector. Because of the non zero mass of the neutrino mass eigenstates, decay

of the mass eigenstates is an open problem in physics and applied in the solar

and atmospheric sectors to put bounds on the lifetime of the mass eigenstates [28–

32]. Before the discovery of the non zero value of mixing angle θ13, all the studies

assume two flavour neutrino oscillation with decay. In this study we have assumed

the invisible neutrino decay where one of the mass eigenstates decays to a sterile

neutrino and a scalar particle where the sterile neutrino mass is unconstrained and

does not have any standard model interactions and thus does not take part in

oscillation. Our analysis assumes full three flavour oscillation with neutrino decay

and the Earth matter effect. The propagation equation in presence of decay is

shown in Equation 4, is solved numerically with PREM [9] density profile of the

Earth to account for the matter effect.

i
dν̃

dt
=

1

2E

[
UM2U † + ACC

]
ν̃ where,

M2 =


0 0 0

0 ∆m2
21 0

0 0 ∆m2
31 − iα3

 and

ACC =


Acc 0 0

0 0 0

0 0 0

 (4)
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The matter potential Acc = 2
√

2GFne = 7.63× 10−5eV2( ρ
gm/cc

)( E
GeV

) where, GF

is Fermi constant and ne is the electron number density in matter while ρ is the

matter density. Three neutrino flavors are denoted by ν̃ = (νe νµ ντ )
T . Here,

we have assumed normal hierarchy (i.e. m3 > m2 > m1) and the highest mass

eigenstate to be decaying with decay constant α3 = m3

τ3
where the mass eigenstate

ν3 with mass m3 decays invisibly with decay lifetime τ3 at rest. U denotes the

3× 3 usual PMNS matrix. The effect of decay comes with the term e−
αL
E and have

damped oscillations which modifies the amplitude of the oscillation while keeping

the frequency unchanged. The event distributions with or without decay as a

function of zenith angle for two different energies are shown in Figure 3 to show

that decay effect is pronounced in low energies and higher baselines i.e. higher cos θ

values.
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Figure 3: Oscillated νµ and ν̄µ events for each Eobsµ bin as a function of cos θobsµ for

α3 = 0, 1× 10−5 and 1× 10−4 eV2 as representative values. cos θobsµ = 0-1 represents the
up coming neutrinos.

In the sensitivity measurements of the decay parameter (α3), we have assumed

neutrino decay with oscillation in the theory and fitted with data where only os-

cillation is assumed. In our analysis we have taken charge current interaction data

while ignoring the neutral current events. The sensitivity of the decay parameter

α3 = m3

τ3
is shown in Figure 4 for both fixed parameter analysis and for marginaliza-

tion of the oscillation parameters. The true value of the oscillation parameters and
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their marginalization ranges have been summarized in Table 3. From Figure 4, we

can see that marginalization of the oscillation parameters reduces the sensitivity

of the decay parameter from fixed parameter analysis for any choice of hierarchy.

This is because of the interplay of the mixing angle θ23 and the α3 since both of

them affect the amplitude of the neutrino oscillation.

Parameter Central value Marginalization range
θ13 8.5◦ [7.80◦, 9.11◦]

sin2 θ23 0.5 [0.39, 0.64]
∆m2

32 2.366× 10−3 eV2 [2.3, 2.6]×10−3 eV2 (NH)
sin2 θ12 0.304 Not marginalized
∆m2

21 7.6× 10−5 eV2 Not marginalized
δCP 0◦ Not marginalized

Table 3: Oscillation parameters used in this analysis. For fixed parameter studies all
parameters are kept at their central values. While applying marginalization, only the
parameter for which the sensitivity study is being performed is kept fixed and the others
are varied in their respective 3σ ranges.
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Figure 4: Bounds on the allowed values of (left) α3 eV2 (right) τ3/m3 (s/eV) with
500 kt year exposure of ICAL with NH as true hierarchy. Both fixed parameter and
marginalized results are shown for comparison.

The 90% CL results provide the lower bound on τ3
m3

> 1.51× 10−10 s/eV which

translate to the upper bound of α3 < 4.36 × 10−6 eV2. These bounds from ICAL

are at least two orders of magnitude tighter than the MINOS bound [33] where

at 90% CL, τ3
m3

> 2.8 × 10−12 s/eV which translates to α3 < 2.34 × 10−4 eV2 and

comparable to the limit provided by the global analysis of full atmospheric data
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from Super-Kamiokande with long baseline experiments K2K and MINOS [32].

The bound on τ3
m3

depends on the true hierarchy and the above mentioned bound

is for NH and will change if one considers IH to be the true hierarchy.

The effect of decay on the precision measurements of the oscillation parameters

is shown in Figure 5 where both data and theory assumes decay with α3 = 1×10−5

eV2. In the marginalization, α3 is varied in 3σ ranges i.e. [0,2.35× 10−4] eV2. The

1σ precision of a parameter β is defined as

p(β) =
βmax(2σ) − βmin(2σ)

4βtrue

(5)

where, βmax(2σ) and βmin(2σ) are the maximum and minimum allowed values of β

at 2σ with βtrue being the true choice.
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Figure 5: Expected 90% C.L. contour in the sin2 θ23−|∆m2
32| plane, with and without

decay, for NH. The value of α3 in “data” is taken as 1× 10−5 eV2.

From Figure 5, we can see that precision measurements of the standard os-

cillation parameters worsen in presence of decay. While the precision on |∆m2
32|

changes marginally from the no decay value of 5.35% to 5.46%, the effect is more

in case of sin2 θ23 where precision worsen to 22.3% as compared to 18.5% while

considering decay.

We have also studied the mass hierarchy determination sensitivity of ICAL in
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α3 eV2 ∆χ2 (NHtrue) ∆χ2 (IHtrue)
0 7.92 9.17

6× 10−6 7.37 7.36
1× 10−5 7.11 7.07

2.35× 10−4 5.19 5.10

Table 4: Mass hierarchy sensitivity values ∆χ2 obtained with 500 kt year exposure of
ICAL with true NH/IH. sin2 θtrue

23 = 0.5 has been taken for the analysis.

presence of invisible neutrino decay. Data events are generated assuming NH(IH)

as true hierarchy in presence of decay and fitted with opposite hierarchy IH(NH).

While calculating marginalized χ2, the test parameters are varied in the range

shown in Table 3. The reduction of oscillation amplitude in the presence of decay

reduce the number of events as compared to no decay. This reduces the hierarchy

sensitivity as shown in Figure 6. The marginalized hierarchy sensitivities that can

be achieved with 500 kt-yr of ICAL is summarized in Table 4 [34].

Exposure time in years
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

2

4

6

8

10

12

14

16

18

20

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.5, marginalised
23

θ2 =  0.5­25 GeV, sin
µ

obs
NH, E

Exposure time in years 
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

2

4

6

8

10

12

14

16

18

20

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.5, marginalised
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Figure 6: Mass hierarchy sensitivity of ICAL as a function of exposure time of 50 kt
ICAL. The left(right) plot assume NH(IH) as true hierarchy. Hierarchy sensitivity is
shown with three decay constant α3 = 6× 10−6, 1× 10−5 and 2.35× 10−4 eV2. The no
decay hierarchy sensitivity is shown with α3 = 0.

Summary and future scope

The INO ICAL detector is mainly designed to measure mass hierarchy and precision

measurement of the parameter ∆m2
31 and θ23 by using a magnetized iron calorimeter
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and resistive plate chambers as active detector materials. The physics of matter

effect with wide range of (L
E

) and the ability to distinguish µ− and µ+ and therefore

the ability of separating νµ from ν̄µ, puts INO in the global arena of neutrino

study. INO is insensitive to δCP whereas long baseline experiments are sensitive to

δCP . So adding INO with long baseline experiment can help to remove some of the

degeneracies faced by individual experiments and thus improve the sensitivity of the

oscillation parameters. In our study, we have explored how the hierarchy and octant

sensitivity of ESSνSB , which is primarily aimed for CP discovery, can improve by

adding INO. We also add the information from the current LBL experiments T2K

and NOνA assuming their full projected runs. Various synergies between these

experiments and the interplay between neutrino and anti-neutrino boost the overall

sensitivity. We have shown the results with various hierarchy-octant scenarios as a

function of δCP (true). The combined mass hierarchy sensitivities can reach to ∼ 5σ

for most of the true hierarchy-octant combinations. Although INO has very little

octant sensitivity, but 2−3σ octant sensitivity can be achieved when combing with

T2K and NOνA experiments. Due to rapid variation of sensitivities of ESSνSB

with δtrue
CP , the overall shape and the position of the minimum is decided by ESSνSB

when combing with other experiments and the combined sensitivities can reach up

to ∼ 3σ for LO and ∼ 2σ for HO.

We have also explored the capabilities of INO ICAL detector in constraining the

invisible decay of the neutrinos. Using the full three flavour analysis with matter

effect, we are able to put bounds on the lifetime of the decaying mass eigen state

with the parameter α3 = m3

τ3
where the mass eigenstate decays with rest frame

lifetime τ3. With only CC events and by using atmospheric neutrinos with higher

(L
E

), INO can put severe constraints on the decay parameters. In our analysis we

have shown it is possible for INO with 500 kt year exposure to put upper bounds

on α3 < 4.36× 10−6 eV2 for 90% CL which is two orders of magnitude better than

MINOS charge and neutral current combined analysis. We have also discussed
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the effect of decay on the precision measurements of the standard oscillation pa-

rameters. We have shown that decay affects the amplitude of oscillation and thus

interferes with θ23 and in effect worsen the sin2 θ23 precision from 18.5% to 22.3%

with 90% CL from no decay case. The |∆m2
32| precision does not change much and

changes from 5.35% to 5.46% when considering neutrino decay. The improvements

of the detector resolution and the identification of hadrons could be beneficial in

future for adding neutral currents along with charge current events to put even

better bounds for the decay parameters. Mass hierarchy sensitivity is seen to get

reduced as compared to no decay scenario because of the reduction of number of

events while considering invisible decay of neutrino.

Future studies can include combination of INO and other LBL experiments to

probe new physics beyond Standard Model.
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Chapter 1

Introduction

1.1 Neutrino : The invisible particle

The introduction of neutrino as a particle goes far back to 1930 when Wolfgang

Pauli proposed its existence for the first time as a ”desperate remedy” [1] to solve

the long standing problem of conservation of energy, momentum and angular mo-

mentum in the beta decay spectrum. The term neutrino was first coined by Enrico

Fermi in 1934. The particle neutrino was hypothesized to be neutral in charge, to

belong to the family of leptons with spin 1
2

and massless. These properties make it

very difficult to detect these particles. However, in 1954 neutrino was detected for

the first time in the experiment conducted by Reines and Cowan [2, 35, 36]. From

that time more and more experiments were designed to study it’s behavior more

closely and for the last 60 years it remained as one of the most puzzling particles

in terms of it’s nature and the difficulties in unravelling it’s properties. Several

experiments have been performed and many are still proposed to understand this

elusive particle and neutrino physics remains an exciting field of research till date.

The proposed India-based Neutrino Observatory (INO) is an effort to understand

some of the properties of neutrinos by using atmospheric neutrinos as a source.

In this chapter we will discuss about neutrinos, their sources, properties and the
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understanding gathered about these from world wide efforts.

1.2 Neutrino sources

Neutrinos come with three different flavors and can be of different energies. Though

the basic properties remain the same but they are broadly classified in few cate-

gories depending on their energy and their production points. Their various energy

ranges and distances traveled from the point of production to the detector, have

helped to explore different properties and cross verify the results between different

experiments. Neutrinos not only come from the natural processes but can also be

man made. The main sources are:

1.2.1 Relic neutrinos

Like the cosmic micro wave background radiation, there is a neutrino background

having very low energies. These neutrinos got decoupled and their current temper-

ature is estimated to be of 1.95 K. Very low interaction cross section in the sub-eV

range along with the constraint of having a lower threshold for the experiment,

makes it difficult to detect such neutrinos and this remains an open problem on its

own.

1.2.2 Geo neutrinos

Neutrinos get produced from the beta decay of long lived natural radio isotopes

found in Earth’s interior like 238U, 232Th, 40K. All these isotopes emit anti-neutrinos

in the energy range of MeV. These neutrinos provide an insight into the Earth’s

structure and it’s inner heating mechanism. The first measurements of such neutri-

nos came from the KamLAND experiment [37] and later verified by the Borexino

experiment [38].
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1.2.3 Solar neutrinos

Sun is an important source of neutrinos in the MeV energies. According to Standard

Solar Model [39], neutrinos get produced through the fusion process of protons

inside the sun. Each second, Earth receives about 65 billion solar neutrinos per

square centimeter orthogonal to the direction of Sun [40]. The anomaly in the solar

flux measurement was the first indication of neutrino oscillation [41].

1.2.4 Supernova neutrinos

When a massive star collapses, the matter densities at the core become so high

(∼ 1017 kg/m3) that it breaks the degeneracies of electron producing neutron and

electron neutrino. These kind of events are categorized as type Type II supernova

[42, 43]. Neutrinos in the range of few MeV are produced in huge numbers (1057)

but their flux reduces by d−2 while reaching Earth (where d is the distance of the

Earth from the supernova). So the detection of such neutrinos is only possible

for Supernova events in the Milky Way and nearby galaxies [44]. The first neutri-

nos from SN1987a Type II supernova were observed by Kamiokande II, IMB and

Baskan detector within a time span of 13 seconds.

1.2.5 Reactor neutrinos

Nuclear reactors are also one of the major sources of neutrinos in the MeV region.

In reactors, different fissile materials are used such as 238U, 235U, 241Pu, 239Pu.

All these radio active elements go through fission process and produce electron

type anti-neutrinos with mean energy 3.5-4 MeV. In fact the first experimental

verification of the existence of neutrinos [35] came from such neutrinos.
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1.2.6 Atmospheric neutrinos

Neutrinos are also produced in the Earth’s atmosphere. Isotropic cosmic particle

flux come with all energies from MeV to TeV. They interact with the air molecules

in the atmosphere and produce unstable particles (mostly pions and kaons) which

further decay and produce electrons and muon type neutrinos. As a result, the

energies of the atmospheric neutrinos span from as low as 0.1 MeV to few TeV,

making the flux peaked at 0.25 GeV and falls with E−2.7 in the higher energies.

INO experiment is designed to detect such neutrinos in the GeV energy range.

1.2.7 Accelerator neutrinos

Accelerator neutrinos are another example of neutrinos from man made sources. In

the accelerator experiments, high energetic protons are smashed on a fixed target

made of graphite sheet to produce heavier unstable particles. These particles are

focused using magnetic horns and allowed to decay in long decay pipe and thus

produce neutrinos with desired flavour and type (neutrinos and anti-neutrinos).

Although the production mechanism is similar to that of atmospheric neutrinos

but a higher flux of neutrinos can be obtained of relatively known energies and

known direction.

1.2.8 Galactic and extra galactic neutrinos

These neutrinos are produced from the decay of charged cosmic particles those are

accelerated in the active galactic medium or in gamma ray burst. The reason for

such high energetic acceleration is little understood. But neutrinos being neutral

does not bend while crossing the high magnetic galactic medium thus providing a

direct way to locate and study the sources of such high energetic processes. The

energies of such neutrinos varies from TeV to PeV. Baikal, AMANDA, IceCube,

ANTARES are few such experiments designed to study such high energetic neutri-
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nos.

1.3 Neutrinos and the Standard Model

The Standard Model (SM) of particle physics is a well accepted and celebrated

model explaining the particle content and fundamental forces in nature. The SM

explains all the three forces in nature i.e. weak, electromagnetic and strong forces

(Gravitational forces are not included in SM). The SM as we know today was

developed in various stages and the final form of the Glashow-Weinberg-Salam

SM came in 1967. The SM, based on SU(3)C × SU(2)L × U(1)Y gauge groups,

successfully predicted the neutral current and the existence of Z boson [45]. The

Higgs mechanism is responsible to give mass to the gauge boson and fermions [46–

51]. SM contains total 12 spin 1
2

fermions (6 leptons and 6 quarks with three colors)

with their associated anti-particles and four spin-1 fundamental force carriers. The

first success of SM came in 1971 with the Gargamelle experiment at CERN in

which neutral current neutrino interaction was first discovered [52–54] and later

confirmed by Fermilab [55]. According to the SM, all the fermions and the force

carriers W and Z boson acquire mass through the interaction with the Higgs field.

The further success of SM came after the experimental verification of the Higgs

boson at the LHC in 2012 [56, 57]. The precision tests of the SM reveal the total

number of the active neutrino species to be three by measuring the invisible decay

width of the Z boson by LEP experiment at CERN [58–61]. Goldhaber experiment

[62] has shown neutrinos are left handed while the anti-neutrinos are right handed

particles. Neutrinos can only interact through the weak force either by charged

current (CC), mediated byW± boson or through neutral current (NC), mediated by

Z boson. In the SM, neutrinos are assumed to be massless and flavor is conserved.

However, observation of neutrino oscillation, a phenomenon through which neutrino

changes it’s flavour established that neutrinos are massive although with very tiny
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mass. But due to the absence of right handed neutrinos, generating mass terms

for neutrinos are beyond the scope of the SM. Thus the study of neutrinos play

an important role to probe physics beyond the SM and for the exploration of new

physics.

1.4 Neutrino oscillation

The idea of neutrino oscillation was first proposed by B. Pontecorvo in 1950 [63, 64].

Neutrino oscillation happens because of the rotation of the flavor states and the

mass eigenstates. The flavour states (|να >, α = e, µ, τ), take part in the weak

interactions and can be expressed as a linear superposition of the mass eigenstates

(|νi >, i = 1,2,3). This is possible through the unitary matrix U which is sometimes

referred to as the PMNS matrix named after Pontecorvo, Maki, Nakagawa and

Sakata [65, 66]. The flavour and the mass eigenstates of the neutrinos are related

through

|να >=
∑
i

U∗αi|νi > (1.1)

The parameterization of the U matrix depends on the number of neutrino fla-

vors considered. For example, when considering three flavour neutrino oscillation,

PMNS matrix U can be described by three mixing angles (namely θ12, θ23 and θ13)

and one complex phase δCP which is responsible for CP violation in the neutrino

sector [67]. For three flavour neutrino oscillation PMNS matrix can be expressed

as

U =


c12c13 s12c13 s13e

−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13

s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP c23c13

 (1.2)

where, sij and cij are used to denote sin θij and cos θij respectively and θij represents

the mixing angle between the mass eigenstates. δCP represents the CP violating
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Dirac phase.

At the time of neutrino propagation, different mass eigenstates propagate with

different velocities and they go out of phase with each other. This is the reason for

getting a non zero probability of finding a neutrino with flavour νβ starting with

(t=0) a flavour να. This probabilistic transformation depends on factors like the

energy of the neutrinos, the path length traveled by the neutrinos and the medium

in which they traveled.

The time evolution of the mass eigenstates can be expressed as

|νi(t) >= e−iEit|νi(0) > (1.3)

where, |νi(0) > and |νi(t) > represents the mass eigenstate at time t = 0 and t= t

respectively. The time evolution of the flavour state να can be expressed as

|να(t) >=
∑

β=e,µ,τ

(∑
i

U∗αie
−iEitUβi

)
|νβ > (1.4)

From Equation 1.4, we can obtain the amplitude of getting the flavour νβ after time

t. The probability Pαβ can be expressed as shown in Equation 1.5 where, neutrino

of flavour να of energy E will oscillate to another flavour νβ after traversing the

distance L.

Pαβ = δαβ − 4
∑
i>j

<[2Uαβji] sin2
(∆m2

ijL

4E

)
+ 2

∑
i>j

=[2Uαβji] sin

(
∆m2

ijL

2E

)
(1.5)

where, 2Uαβji = U∗αiUβiUαjU
∗
βj, ∆m2

ij = m2
i −m2

j , mi and mj being the mass of

the eigenstates νi and νj respectively.

Thus neutrino oscillation is possible only if neutrinos are massive and have

distinct mass eigenvalues (mj 6= mi) as shown in Equation 1.5.

Using Equation 1.5, the neutrino conversion probability Pαβ (α 6= β) for neu-

trinos with energy E after traveling a distance L can be simplified for 2 flavour
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vacuum oscillation as :

Pαβ = sin2 2θ sin2

(
∆m2L

4E

)
(1.6)

where the 2× 2 PMNS matrix is parameterized by a mixing angle θ as:

U =

 cos θ sin θ

− sin θ cos θ

 (1.7)

and the oscillation length is expressed as:

LOSC =
4πE

∆m2
(1.8)

However, the oscillation probabilities change significantly from its vacuum be-

havior when considering the propagation through matter. While propagating

through matter, the evolution equation gets modified significantly by the effec-

tive potential caused by the interaction with the medium through coherent elastic

scattering. As a result, CC interaction for only ν ′es and NC interaction for all

flavours get modified. This leads to change in the effective mixing angle and mass

squared differences in the neutrino parameterization. As a result the 2 flavour vac-

uum oscillation probability as shown in Equation 1.6 gets modified in the presence

of matter as :

Pαβ = sin2 2θm sin2

(
∆m2

mL

4E

)
(1.9)

where, θm and ∆m2
m are matter modified mixing angle and the mass squared dif-

ferences respectively. These modification are due to the effective matter potential

A = 2
√

2GFneE = 7.63 × 10−5 eV2

(
ρ

gm/cc

)(
E

GeV

)
where, GF is the Fermi con-

stant, ne is the number density of electrons present in matter, E being the neutrino

energy expressed in GeV and ρ is the matter density expressed in gm/cc. The mod-

ified θm and ∆m2
m can be expressed as a function of A, mass squared differences
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and the mixing angle in vacuum as shown in Equation 1.10.

∆m2
m =

√
(−A+ ∆m2 cos 2θ)2 + (∆m2 sin 2θ)2

tan 2θm =
∆m2 sin 2θ

−A+ ∆m2 cos 2θ
(1.10)

Few salient features of Equation 1.10 are worth mentioning.

• To have neutrino oscillation, both the mixing angle and the mass square

difference need to be non zero.

• When A = ∆m2 cos 2θ, matter modified mixing angle θm becomes π
4

making

the oscillation probability maximum irrespective of the value of the vacuum

mixing angle θ. This mechanism is known as Mikheyev - Smirnov - Wolfen-

stein (MSW) resonance [68, 69].

• Effective matter potential A is positive for neutrinos but changes sign for

anti-neutrinos. So for neutrinos, matter resonance happens when ∆m2 > 0

but the opposite is true for anti-neutrinos where ∆m2 < 0.

In the case of three flavours, mixing angles get modified in similar fashion al-

though the expressions become complicated and the probabilities are solved numer-

ically. In three flavour, complex phase δCP also plays a crucial role while calculating

the probabilities. From Equation 1.5 it is clear that the amplitude of neutrino os-

cillation is dictated by the mixing angle θij whereas the frequency of oscillation is

determined by the mass squared differences ∆m2
ji. Oscillation also depends on the

neutrino energy E and the path length L from the source to the detector and the

density (ρ) of the medium it passes through. LOSC also plays an important role

while planning any experiment.

Oscillation experiments are designed to extract the information of the mixing

angle and the mass squared differences. For example, θ12 and ∆m2
21 are extracted
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from the solar and long baseline reactor experiments and in general referred as θsol

and ∆m2
sol respectively. Similarly, θ23 and ∆m2

32 are obtained from the atmospheric

and accelerator based experiments and are termed as θatm and ∆m2
atm respectively.

Mixing angle θ13 is referred as θREACTOR as this value is obtained from reactor

neutrino experiments.

1.5 Present status of the neutrino oscillation pa-

rameters

The current best fit values from global analysis of world neutrino data is summa-

rized in Table 1.1 [70, 71]. Note that these values get updated with new results

and new data. Some of the parameter values that are used in our analysis may be

different and will be mentioned in their respective analysis chapters.

Parameters Normal Hierarchy Inverted Hierarchy

bfp ± 1σ 3σ range bfp ± 1σ 3σ range

sin2 θ12 0.307+0.013
−0.012 0.272→ 0.346 0.307+0.013

−0.012 0.272→ 0.346

θ◦12 33.62+0.78
−0.76 31.42→ 36.05 33.62+0.78

−0.76 31.43→ 36.06

sin2 θ23 0.538+0.033
−0.069 0.418→ 0.613 0.554+0.023

−0.033 0.435→ 0.616

θ◦23 47.2+1.9
−3.9 40.3→ 51.5 48.1+1.4

−1.9 41.3→ 51.7

sin2 θ13 0.02206+0.00075
−0.00075 0.01981→ 0.02436 0.02227+0.00074

−0.00074 0.02006→ 0.02452

θ◦13 8.54+0.15
−0.15 8.09→ 8.98 8.58+0.14

−0.14 8.14→ 9.01

δ◦CP 234+43
−31 144→ 374 278+26

−29 192→ 354

∆m2
21

10−5 (eV2) 7.40+0.21
−0.20 6.80→ 8.02 7.40+0.21

−0.20 6.80→ 8.02

∆m2
3l

10−3 (eV2) +2.494+0.033
−0.031 +2.399→ +2.593 −2.465+0.032

−0.031 −2.562→ −2.369

Table 1.1: The three flavour global fit of the neutrino oscillation parameters. The values
of the oscillation parameters in the first column are obtained assuming NH to be the true
hierarchy whereas the second column reports the same but assuming IH to be the true
hierarchy.

Table 1.1 depicts our understanding of oscillation parameters from the global
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neutrino analysis. The knowledge of the oscillation parameters in the Solar sector

i.e. the mixing angle θ12 and the solar mass squared differences ∆m2
21 have been

measured with high precision. The sign of ∆m2
21 > 0 have been established from

solar matter effect, proving the fact m2 > m1 [72]. Reactor angle θ13 have also

been proven to be non zero with 5σ C.L. [73]. Atmospheric mixing angle θ23

have also been determined by atmospheric and accelerator experiments. However

ambiguity regarding octant of θ23 still exists with possibilities of θ23 to be in lower

octant ( LO where θ23 < 45◦) and higher octant (HO when θ23 > 45◦). The

sign of ∆m2
3l (l = 1 for NH and l = 2 for IH [74]) is also an open question

leading to the possibility of normal hierarchy (NH where ∆m2
31 > 0) or inverted

hierarchy (IH when ∆m2
32 < 0) as shown in Figure 1.1 [75] This is referred to

as mass hierarchy problem in the neutrino physics and has remained as one of the

most intriguing problem till now. Several world wide experiments are currently

running and some are proposed to solve the neutrino hierarchy problem. India-

based Neutrino Observatory (INO) is one such proposed experiment geared to

solve mass hierarchy problem in neutrino physics. The leptonic phase δCP is still

unknown although global analysis of neutrino data from all the neutrino oscillation

experiments indicates the leptonic CP phase δCP ∼ −90◦ [3, 76, 77].
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Figure 1.1: Schematic representation of the two possible mass hierarchy, NH (left) and
IH (right). The figure shows the proportion of each flavour (να) in the mass eigenstate
(νi) where α = e, µ, τ and i = 1, 2, 3 [78].

1.6 Neutrino oscillation experiments

Neutrino physics has remained as one of the most exciting fields till date and vari-

ous experiments have contributed in enhancing our knowledge about its properties.

Several complementary experiments are designed by using different sources of neu-

trinos with different energies to unravel their properties. In this section I discuss

the experiments that contributed in establishing neutrino oscillation and in precise

determination of their parameters. I also discuss some of the current experiments

and their salient features.

1.6.1 Homestake

Homestake experiment [41, 79–81] was designed to study solar neutrinos and mea-

surement of it’s flux. The experiment operated continuously from 1970 to 1994. By

radiochemical measurement technique of neutrino capture (νe +37 Cl→37 Ar + e−),

Homestake experiment was able to measure only one third of the predicted neu-

trino flux [82]. This led to the famous ”solar neutrino problem” indicating flavour
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transformation of neutrinos.

1.6.2 GALLEX & SAGE

GALLEX or Gallium experiment [83] was also a radiochemical neutrino experiment

(νe+
71Ga→71 Ge+e−) that ran between 1991 and 1997 at the Laboratori Nazionali

del Gran Sasso (LNGS) situated inside the 2912 meters high Gran Sasso mountain.

The rock equivalent of 3200 meters of water (mwe) acted as cosmic ray shield. Using

gallium based solution in the detector as target material, GALLEX experiment was

able to achieve the low threshold of 233 KeV for neutrino detection and thus able

to detect the neutrinos emitted in the initial proton fusion reaction of the proton-

proton chain reaction with an upper energy level of 420 KeV.

SAGE experiment is a deep underground laboratory of the Baskan Neutrino

Observatory in the Northern Caucasus mountain range which provides good back-

ground shielding equivalent of 4700 mwe. Using 50 ton mass of metallic gallium

in the gallium-germanium neutrino telescope, SAGE experiment was able to put

bounds on the solar flux using the capture rate by Ga [84, 85] which is half of

the Standard Solar Model prediction and therefore supported the solar neutrino

shortfall.

1.6.3 Kamioka Observatory

The Kamioka observatory is a neutrino laboratory located underground in the

Mozumi mine of the city of Hida in Japan. Kamiokande was proposed to study

proton decay lifetime [86]. However, while measuring the background for this,

they found an anomaly in the atmospheric neutrino flux ratio [87], a departure

from the predicted value. This initiated the atmospheric neutrino problem. Us-

ing cylindrical water Ĉherencov detector, it could also detect the solar neutrinos

(νe + e− → νe + e−) and confirmed that neutrinos are coming from the Sun. The

detected only half of the neutrinos as compared to the Statndard Solar Model pre-
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diction corroborated the solar neutrino shortfall. During its run time, Kamiokande

detector also observed 11 neutrinos produced by Supernova 1987a. Kamiokande

also measured the ratio of the electron and muon neutrino flux and the devia-

tion of the measured ratio from the theoretical prediction gave rise to atmospheric

neutrino deficit problem.

To resolve the solar and atmospheric neutrino anomaly and to put bounds on

the proton decay, Super Kamiokande (SK) detector, upgraded version of Kamioka,

was designed with 50 kt water as a detector target material with 11200 photo

multiplier tube to record the signal of neutrino interactions. Using larger statistics,

SK was able to measure the zenith angle dependence of atmospheric neutrinos.

Both νµ → νe and νµ → ντ were considered to explain the oscillation phenomenon

but νµ → ντ oscillation was favoured with a higher statistical significance [88] and

the leading effect to solve the atmospheric neutrino problem. It also measured the

solar neutrino spectrum and confirmed the solar neutrino shortfall and contributed

in pin pointing the Large Mixing Angle (LMA) solution [89, 90] to the standard

solar neutrino problem.

1.6.4 Sudbury Neutrino Observatory (SNO)

Sudbury Neutrino Observatory experiment [91–93] was designed to resolve the

long standing ”solar neutrino problem” by using heavy water as target material.

With various interactions of neutrinos with D2O, it was not only able to probe

the charged current (CC) interactions of the electron neutrinos, as had been done

by the other experiments, but also the neutral current (NC) interactions for all

neutrino flavours. SNO experiment conclusively established the presence of other

flavors to which electron type neutrinos coming from Sun have oscillated into,

thus confirming the Standard Solar Model (SSM) and resolved the solar neutrino

problem by measuring the CC
NC

ratio to be less than 1 [94]. Measurement of NC

reaction rate of the total flux of 8B was also consistent with the SSM prediction.
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1.6.5 Borexino

Borexino is the most radio-pure scintillator detector till date planned to study

the individual solar neutrino flux and to validate Standard Solar Model. Borexino

has the capability to study geo-neutrinos [38] and also supernova neutrinos. This

makes Borexino, a member of Supernova Early Warning System [95]. In 2017,

Borexino provided the first widespread spectroscopic measurement of the solar

neutrino spectrum measuring 7Be, pep and pp neutrino flux. These measurements

reached a precision of up to 2.7% for beryllium solar neutrinos and established a

5σ confirmation of the presence of pep neutrinos [96].

1.6.6 The Main Injector Neutrino Oscillation (MINOS)

MINOS is an accelerator based neutrino experiment with two detectors, one near

detector located 1 km away from the NuMI facility at Fermilab which acts as

neutrino source and a far detector positioned 735 km away at the Soudan Un-

derground laboratory. MINOS was designed to put limits on the atmospheric

parameters related to neutrino oscillation i.e. θ23, ∆m2
32. Using the exposure of

7.25 × 1020 protons on target (POT), MINOS put the bound with 90% C.L. on

∆m2
32 = 2.32+0.12

−0.08 × 10−3 eV2 and sin2(2θ23) > 0.9 [97].

1.6.7 Tokai to Kamioka (T2K)

T2K [98] is an accelerator based experiment to probe oscillation parameters in the

atmospheric sector. T2K uses SK detector along with a near detector to reduce the

uncertainty in the initial neutrino flux. This improves the precision measurements

of the oscillation parameters. T2K can measure various interaction cross sections

using its near detector and also the CP violation phase δCP in the neutrino sector

[99]. In 2017, based on a total data set of 2.25 × 1021 POT and with the inclu-

sion of electron anti neutrino disappearance data from reactor experiments, T2K
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excludes CP conservation at the 2σ confidence level. The 95% allowed region for

CP violating phase , δCP , is [−171◦;−34◦] ([−88◦;−68◦]) for the normal (inverted)

hierarchy, with the best fit point being −105◦ (−79◦) [100].

1.6.8 NuMI Off-Axis νe Appearance (NOνA)

NOνA [101] is a successor of MINOS which uses the same beam from NuMI facility

like MINOS does. NOνA uses both near detector (∼ 1 km from neutrino source)

and far detector located 810 km from the source. It uses a Totally Active Scintil-

lator Detector (TASD) to study the νe appearance from the original νµ beam and

therefore can measure θ13 and the CP violating phase δCP. The experiment is also

designed to resolve some of the open questions in neutrino physics like mass hier-

archy by studying νµ disappearance and νe appearance. In 2018, using exposure of

8.85 × 1020 POT and with combined νµ disappearance and νe appearance, NOνA

experiment give the best fit point as normal hierarchy, ∆m2
32 = 2.44 × 10−3 eV2,

sin2 θ23 = 0.56 and δCP = 1.21π. The 68.3% confidence intervals in the normal

hierarchy are ∆m2
32 ∈ [2.37, 2.52] × 10−3 eV2, sin2 θ23 ∈ [0.43, 0.51] ∪ [0.52, 0.60],

and δCP ∈ [0, 0.12π]∪ [0.91π, 2π]. The inverted mass hierarchy is disfavored at the

95% confidence level for all choices of the other oscillation parameters [102].

1.6.9 Kamioka Liquid Scintillator Anti-neutrino Detector

(KamLAND)

KamLAND is a liquid scintillator based reactor experiment to study the survival

probability of ν̄e [103] at a distance of 180 km from the source. KamLAND is well

suited to study and precise determination of the oscillation parameters related to

solar sector i.e. θ12 and ∆m2
21 [104, 105]. Using 162 ton.yr exposure, KamLand

was the first experiment to conclusively establish Large Mixing Angle (LMA)-MSW

solution of the solar mixing angle [103]. KamLAND also has the capability to study
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geo-neutrinos and was the first to report about them [106].

1.6.10 Daya Bay

Daya bay is a reactor based experiment comprising of total eight scintillator detec-

tors and use the anti-neutrino flux from six nuclear reactors. Designed to measure

the reactor angle θ13, Daya Bay confirmed the non-zero value of this parameter

with 5.2σ [73] discovery potential. Double Chooz [107, 108] and RENO [109, 110]

experiments are reactor based experiments which also reported a non-zero θ13.

1.6.11 IceCube Neutrino Observatory

IceCube is a neutrino observatory situated in the South pole Antarctic. The detec-

tor is located inside 1.5 km beneath the ice sheet to reduce the cosmic background.

The whole detector uses 1 km3 of antarctic ice as a target material and digital op-

tical modules (DOM) to collect the signal of neutrino interactions using Ĉherencov

light. The aim of this detector is to study high energy neutrinos ( TeV-PeV)

coming from terrestrial and extra terrestrial sources and to help in understanding

the mechanism behind the production of such high energetic particles and their

production zones, thus acting as a neutrino telescope [111–114] with other comple-

mentary experiments like KM3NET [115], ANTARES [116]. Several events have

already been observed with the neutrino energy extending to PeV [117]. IceCube

also shows promise in determining mass hierarchy, octant of θ23 [118], indirect dark

matter searches [119, 120] and resolution of sterile neutrinos [121].

1.6.12 Oscillation Project with Emulsion-tRacking Appa-

ratus (OPERA)

OPERA is a long baseline experiment to study the oscillation νµ → ντ using nuclear

emulsion detector at Gran Sasso, Italy using the νµ beam from CERN with their
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total journey of 730 km. OPERA is the first experiment to detect ντ [122] from νµ

beam providing insight on the Pµτ oscillation channel.

Apart from the experiments mentioned above, several experiments are proposed

for further investigation and precision studies on neutrino oscillation parameters.

The notable among such experiments intending to measure unknown oscillation

parameters are Hyper-Kamiokande [123], PINGU [124], INO [125], JUNO [126],

DUNE [127], T2HK [11], T2HKK [12], ESSνSB [22]. Other than the oscillation

physics and the oscillation parameter study, several world wide experiments are

going on and proposed to measure the absolute mass scale of the neutrinos [128],

their type - Dirac or Majorana [129, 130]– this is beyond the scope of the present

study.

1.7 The scope of INO in the race

One of the main aim of India-based Neutrino Observatory (INO) is to determine

the sign of ∆m2
32 by exploiting the matter effect of the atmospheric neutrinos where

neutrinos and anti neutrinos behave differently while propagating in Earth. For

this the collaboration proposes to use a large (with total mass of 50 kt) magnetized

iron calorimeter (ICAL) with simple repetitive geometry and using novel idea of

distinguishing νµ from ν̄µ by identifying µ− and µ+ respectively because of the

charge identification capability owing to the magnetic field. INO will also do pre-

cision study of θ23 and ∆m2
32. Being an atmospheric neutrino experiment, INO

will use the large combinations of energy (Eν) and the path length (Lν) to further

explore beyond standard model (BSM) physics including the search of dark matter,

magnetic monopole and the sterile neutrinos [125].

18



Chapter 2

The ICAL detector & atmospheric

neutrinos in the ICAL detector

The India Based Neutrino Observatory (INO) is a proposed experiment to study

atmospheric neutrinos. The detector is proposed to be a magnetized iron calorime-

ter (ICAL) which will be located in an underground location to reduce the cosmic

ray background. Keeping in mind the requirement of low rainfall and low seismic

zone, Bodi West Hills in Theni district of Tamilnadu is chosen as the site for the

ICAL detector. The overall mountain rock coverage of 1 km gives an excellent

shield from the cosmic muon background. In this chapter we will discuss the main

components of the detector and it’s working principle. We will also discuss the

generation of atmospheric neutrino flux and its interaction in the detector.

2.1 ICAL detector

In this section we give a brief description of the ICAL detector including its geome-

try, the resistive plate chamber or RPCs which are the active detector components

and the electro magnet.
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2.1.1 ICAL geometry

ICAL is a modular detector with iron as the target material. Main active detec-

tor components are RPCs which will be sandwiched between the iron layers. Iron

being an higher Z material is an ideal choice as the target material for neutrino

interaction. Use of iron as the detector material also allows the possibility of mag-

netization. This inturn enables the detector to differentiate between the neutrinos

and the anti-neutrinos. The whole detector is divided into three identical structures

each with dimension 16 m× 16 m× 14.5 m making the whole detector dimension

48 m × 16 m × 14.5 m. The detector height is composed of total 151 layers of

iron where width of each iron layer is 5.6 cm. Identical 2 m × 2 m RPC module

accompanies the iron layer keeping a gap of 40 mm making total 150 layers of RPC

to fill the whole ICAL height. This modular structure helps in replacing the detec-

tor parts and maintenance. The specifications of various parts of the detector are

summarized in Table 2.1. All the signals generated from the neutrino interactions

with the detector or the cosmic and random noise signal is registered in the RPC

in different parts of the detector. The signals collected by each RPC through its

pick up signal strips are channeled through the electronic cable to the front end

and finally to the back end server for data processing and further analysis. Any

signal registered in the pick up strips have position (x,y,z) co-ordinates attached to

it and the timing information. (x,y,z) co-ordinate system gives an idea from which

part of the detector the signal came from and the combination of (z-t) co-ordinate

provides the timing and directionality of the signal. This information is very cru-

cial to distinguish the direction of the incoming neutrinos i.e. up coming or down

going. RPCs having good timing resolution ∼ 1 ns is sufficient for such jobs. All

this information is further used in the calibration of the detector and to analyze

the detector data.
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No. of Modules 3
Modular dimension 16 m× 16 m× 14.5 m
Total dimension 48 m× 16 m× 14.5 m
No. of iron layers 151
Iron plate thickness 5.6 cm
Gap for RPC assembly 4 cm
Magnetic field 1.4 T
RPC unit dimension 174 cm× 183.5 cm× 1.8 cm
Readout strip width 2.8 cm
No. of RPCs/Road/Layer 8
No. of Roads/Layer/Module 8
No. of RPC units/Layer 192
Total RPC units 28,800
No. of electronic channels ∼ 3.7× 106

Table 2.1: Specifications of ICAL detector and its active detector components.

2.1.2 Resistive Plate Chamber (RPC)

RPC is the heart of the ICAL detector and the main active detector element. RPC

works as a successor of spark chamber [131–134]. RPCs are made up of two high

resistive plate with a small gas gap in between. A high electric field is maintained

across the two glass plates to create a potential difference. In order to reduce the

cost of experiments, INO plans to use glass plates to make RPC [135]. Graphite

coating is done on the outer side of the glass plate so that high voltage electric field

can be applied across the two glass plates. The size of each glass plate will be of

2 m×2 m. Glass plates are joined together keeping the gap of 2 mm between them

to allow the gas mixture to flow. This small gap is created by using polycarbonate

cylindrical spacers with high bulk resistivity 1013 Ω−cm. At the time of operation if

charged particle passes through the detector it will ionize the gas molecule. Because

of the high electric field electrons and ions start to move in the opposite direction

depending on the polarity of the electric field. Depending on the gas medium and

the operating voltages RPC can work either in avalanche mode or in streamer

mode. The two modes mainly differ in terms of signal output. So proper choices of

the gas mixture and operating voltages are very important aspects. In the case of
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INO, RPC is planned to operate in the avalanche mode. The gas mixture used in

ICAL detector consists of Freon R134 as a target for ionizing particle, Isobutane

to reduce the secondary avalanches by capturing secondary photons and SF6 to

limit the free charge in the medium [135, 136]. The signal is collected capacitively

using the pick up strips arranged in X-Y position on the graphite painted outer

walls separated by a myler sheet to avoid short circuit in the system. The time

resolution achieved by this set up is of the order of ns which is adequate for current

physics studies. Position resolution of mm order can be achieved by choosing the

RPC readout strips width and the X-Y readout pattern in the RPC detector.

2.1.3 Magnet

The charged current (CC) interactions of neutrinos and anti-neutrinos produce

charged particles with opposite polarities in the detector. In the presence of trans-

verse magnetic field, moving charged particles bend depending on their polarity.

So from the curvature of the final state particle it is possible to identify the polarity

of the initial particle. For example in CC interaction if neutrino interacts with the

detector medium it produces µ− whereas anti-neutrino produces µ+. In presence

of transverse magnetic field the direction of curvature of the final state particle µ−

will be different from that of µ+. In INO experiment, same principle is used to

differentiate neutrino from its anti-neutrino counterpart. In ICAL detector high

magnetic field (∼ 1.5 T) is used with the help of toroidal shaped copper coil. As

the ICAL detector itself is made of iron so the whole detector is magnetized using

the electric current supplied through the copper coil. The momentum of a charged

particle can be measured from the curvature in the magnetic field. From Figure 2.1,

we can see the magnetic field structure in ICAL detector [10, 137]. Magnetic field

changes its direction beyond x ± 4m on two sides of the coil. In between the two

coil slots (all total 8 m × 8 m area in x-y plane), magnetic field is uniform and

uni-directional. This region is called central region as shown in Figure 2.1. Beyond
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the x ± 4m i.e. outside the magnetic coil, the field changes its direction from the

central region and called side region. The magnetic field in the side region is more

or less uniform. But in the Y direction beyond y ± 4m, i.e. the peripheral region,

the magnetic field vary considerably both in magnitude and direction. Magnetic

field is taken as zero in the gap between two iron plates and the magnetic field

is assumed to be uniform over the whole iron plate. All the simulations and the

detector properties (resolution, charge identification, efficiency etc.) are calculated

using the simulation of the central region [10].

Figure 2.1: Magnetic field map used in ICAL experiment. The field map with arrows
shows the magnetic field direction in the central plate of the central module generated by
the MAGNET6 software. Magnetic fields are expressed in unit of Tesla and the intensity
is shown using the color code. [10]

2.2 Atmospheric neutrinos

In this section we will discuss about the source of the atmospheric neutrinos and

their interactions with the detector. But before going into the details let us first

understand the events spectrum in any experiment. If particles with initial flux Φ
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(i.e. no of particles
[L]2[T ]

) interact with an ideal detector with cross section σ (i.e. [L]2)

then the number of events that will be registered in the detector per unit time =

Φ× σ×Nd, where Nd is the number of targets in the detector. So before planning

an experiment it is very essential to know the flux of the initial particle. In INO

experiment, atmospheric neutrinos are used as the initial flux. In this chapter we

will explore the atmospheric flux production mechanism, their interaction cross

section in the detector and the correlated physics.

2.2.1 Production of atmospheric flux

Figure 2.2: Schematic representation of atmospheric neutrino production process [138].

Earth’s atmosphere is continuously bombarded with the energetic cosmic rays

which are mostly protons. They come with all possible energies and direction

from galactic and extra galactic sources. They can be extremely energetic ∼ 1010

GeV but the flux reduces exponentially with energy. When such cosmic particles

enter the Earth atmosphere, they interact with the air molecules present in the

24



atmosphere. As a result lots of other unstable particles are produced which mainly

consist of pions and also a fraction of kaons. These unstable particles decay to

muon and electrons in chain reactions and produce neutrinos with electron and

muonic flavour.

π± → µ± + νµ(ν̄µ)

µ± → e± + ν̄µ(νµ) + νe(ν̄e) (2.1)

where, π±, µ± and e± represent the positively and negatively charged pions, muons

and electrons respectively and νµ(ν̄µ) represents the muonic neutrino (anti-neutrino).

Similarly, electron neutrino and anti-neutrino are expressed with νe(ν̄e). Kaon

channel also produces the muonic and electron neutrino and anti-neutrino in sim-

ilar fashion. The cascade nature of neutrino production is shown graphically in

Figure 2.2 [138].

From the production mechanism of neutrinos and anti-neutrinos in the atmo-

sphere we have the final flux ratio (R) of νµ and νe as

R =
Φνµ + Φν̄µ

Φνe + Φν̄e

≈ 2 (2.2)

The flux ratio R [139–141] is not a constant number. The value depends upon

the number of muons that decayed into electron which in principle is decided by

the energy of muon. The higher the energy of the muon, the lower would be the

chances that it will convert into electron thus reducing the electron neutrino flux.

The neutrino flux integrated over all possible directions and the dependency of R

over neutrino energy is shown in Figure 2.3 [142–145].
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Figure 2.3: Atmospheric neutrino flux at Kamioka site [142], Japan averaged over all
the directions [Left] and the muon-electron neutrino flux ratio [Right].

At higher energies (Eν > 3 GeV), the East-West effect of cosmic particles

become negligible making the neutrino flux more symmetric given the particular

direction of the Earth surface i.e. Φν(Eν , cos θ) = Φν(Eν ,− cos θ) where θ is the

zenith angle. At lower energies (Eν < 3 GeV), Earth’s geomagnetic property

introduces some asymmetries in the zenith angle distributions of the neutrino flux.

These properties are extensively studied by Super Kamiokande (SK) collaboration

[146]. From Figure 2.4 [147], we can see that multi-GeV flux is symmetrical and

peaked around cos θ = 0. Some deviation is expected and observed in the flux

distribution for sub-GeV region. When assuming no-oscillation hypothesis, up

going (cos θ < 0) and down going (cos θ > 0) flux should be symmetrical and

same. So any deviation from this expected number will be a tell tell signature of

neutrino oscillation. This asymmetry was measured by the SK collaboration which

established the neutrino oscillation in atmospheric sector [147].
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Figure 2.4: Zenith angle distribution observed in Super Kamiokande (summed over
azimuthal angle) for a) sub-GeV e-like, b) sub-GeV µ-like, c) multi-GeV e-like, d) multi-
GeV µ-like events. Events shown here contains both fully contained and partially con-
tained events in the detector [147].

From Figure 2.4, we can see that at as we move from sub-GeV to multi-GeV, the

flux become more symmetrical with the highest events centered around cos θ = 0.

The shaded black lines represents the Monte Carlo (MC) simulation assuming

neutrinos do not oscillate. Experimental data points are marked with error bars

and the dotted line fits the data well assuming neutrino oscillation. The deviation

from the MC results for multi-GeV upward going (i.e. for cos θ < 0) neutrinos

implies conversion of νµ.

2.2.2 Atmospheric flux and uncertainty

Primary cosmic ray particles coming from terrestrial and extra terrestrial sources

vary in energy from few MeV to TeV. As described earlier the atmospheric neutrinos

are generated by the interaction of the air molecules with the cosmic ray particles.

So atmospheric neutrino flux also comes with all energies in the range MeV-TeV.

Having such wide range of energies and different path lengths traveled by neutrinos
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before interacting with the detector, provide a unique opportunity to study varieties

of physics at INO. But it is very crucial to have a deeper understanding of the

neutrino flux structure and its uncertainties to find new physics and precision

studies. The few key elements that introduce uncertainties in atmospheric neutrino

flux measurements are:

• Atmospheric neutrinos come from the interaction of cosmic particles with the

air molecules. So it is very crucial to first understand the flux of the primary

cosmic particles. The primary cosmic ray flux in the 10 GeV to TeV energy

range decreases with the power law e−2.7. This in turn reduces the flux of the

atmospheric neutrino flux in the higher energies. From the measurements

of the cosmic flux up to tens of GeV, it is well known that cosmic flux is

isotropic in nature before entering the Earth’s atmosphere. The primary flux

of the cosmic ray protons follow the relation:

Φ(E) = K[E + be−c
√

E]−α (2.3)

where, α = 2.74, K = 14900 m−2s−1sr−1, b = 2.15 GeV, c = 0.21/
√

GeV

[146].

• The second source of uncertainty comes from the interaction models in the

calculation of atmospheric flux. After entering the atmosphere, the primary

cosmic particles go through hadronic interactions and produce pions, kaons

along with the heavier molecules. In this stage hadronic interaction cross

section is an essential input. These cross sections are measured world wide

in accelerator experiments from low energy up to hundreds of GeV. For even

higher energies these cross sections are mostly model dependent. As the

atmospheric neutrino flux is a by product of these hadronic cross sections

and the decay probabilities of such particles, errors on the calculation of

primary source also propagate in the calculations of neutrino flux.
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• Although the primary cosmic ray flux is isotropic before entering the Earth’s

atmosphere but the atmospheric neutrino flux is dependent on the latitude

and longitude because of the Earth’s geomagnetic effect and the time frame

related to hadronic interactions and the decay of hadronic particles. So the

modeling of the altitude dependence of interactions with air molecules in

Earth’s atmosphere and the Geomagnetic effect on the primary and secondary

cosmic ray flux is very crucial and also introduces errors in the calculations

of the atmospheric neutrino flux for a particular location in sub-GeV energy

range.
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Figure 2.5: Comparison of µ− (left) and µ+ (right) events from un-oscillated neutrino
flux in 500 kt-yr ICAL in two different locations, one in Theni, India and other is Kamioka
site, Japan. The detector is assumed to be 100% perfect in detection, charge identification
and energy resolution [125].

All the uncertainties discussed above affect the precision measurements of the

atmospheric neutrino flux at the location of the detector. Typically all these factors

introduce flux uncertainty of 15-20% in the overall normalization of neutrino flux.

All the calculations and results shown in this thesis assume the atmospheric flux

at Kamioka site. From Figure 2.5, we can see there are no significant differences

in events at high energies between the two sites. Since the total number of events

at the INO site is ∼ 14% smaller than the Kamioka site, so the precision results in

determining θ23 will suffer which can be compensated by taking ∼ 14% additional

exposure [125]. But the mass hierarchy measurement will be unaffected as the main

contribution comes from muons of high energy where INO flux is almost same as
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Kamioka site.

2.2.3 Neutrino interaction cross section

In the previous section we have seen the properties of neutrino flux and associ-

ated uncertainties. Now we want to look at how the neutrino interacts with the

detector material and its related physics. Atmospheric neutrino flux comprises of

mainly two component νe and νµ. Neutrinos interact through matter with two

types of interaction namely charged current (CC) interaction and neutral current

(NC) interaction. In the CC interaction, neutrino interacts with detector mate-

rial and produce same flavour charged particle along with hadrons whereas in NC

interaction neutrino does not change its flavour but produce hadrons in the final

state along with the neutrino. So depending on the type of interactions there will

be hadrons produced in the detector along with associated leptons (CC interaction

only) and the job of the detector is to identify the hadrons and leptons and to

separate them. The summary of the CC and NC interaction is given in Table 2.2.

Charged Current Interaction (CC) Neutral Current Interaction (NC)

νl +N → l− +X νl +N → νl +X

ν̄l +N → l+ +X ν̄l +N → ν̄l +X

Table 2.2: The CC and NC interactions of neutrinos with the nucleon N. Different
neutrino flavours are denoted by νl where l = e, µ, τ . Here X represents the final state
hadrons.

In the above mentioned CC and NC interactions, different processes can take

place depending on the energy of the neutrino and the type of target nucleon. These

interaction processes are classified into three broad categories: quasi elastic (QE),

resonant production (RES) and deep inelastic scattering (DIS). In the low energy

regime (Eν < 1 GeV), QE interaction is the dominant process where neutrino

scatters entire nucleon elastically producing single or multiple nucleons.
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Category CC NC

QE νl n→ l− p νl p→ νl p; νl n→ νl n

ν̄l p→ l+ n ν̄l p→ ν̄l p; ν̄l n→ ν̄l n

νl p→ l− p π+; νl n→ l− n π+ νl p→ νl n π
+; νl n→ νl p π

−

ν̄l p→ l+ p π−; ν̄l n→ l+ n π− ν̄l p→ ν̄l n π
+; ν̄l n→ ν̄l p π

−

RES νl n→ l− p π0 νl p→ νl p π
0; νl n→ νl n π

0

ν̄l p→ l+ n π0 ν̄l p→ ν̄l p π
0; ν̄l n→ ν̄l n π

0

DIS νl N → l− X νl N → νl X

ν̄l N → l+ X ν̄l N → ν̄l X

Table 2.3: Types of CC and NC interactions of neutrinos with a nucleon N. Different
neutrino flavours are denoted by νl where l = e, µ, τ . Here X represents the final state
hadrons.
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Figure 2.6: Neutrino (left) and anti-neutrino (right) CC interaction cross section with
an iso-scalar singlet target [148].

For CC interaction this process is referred to as quasi-elastic scattering whereas

the same is referred to as elastic scattering for NC interaction. In the resonance

process neutrino can excite the target nucleon to a resonant baryonic state (∆, N∗)

which further decays to different types of mesons resulting mesons and nucleons in

the final state. This type of resonant interaction becomes prominent in 1-2 GeV

energy range. As the energy of the neutrino increases, it can directly interact with

the quark constituent of the nucleon and produces hadronic shower comprising of
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nucleons, mesons and other hadrons. After 2 GeV, DIS becomes the dominant in-

teraction mechanism. All the interactions and their final states are summarized in

Table 2.3 [148]. Total cross section along with individual contributions are shown

in Figure 2.6 [148] for neutrinos and anti-neutrinos. This gives an idea to the exper-

imentalist in which energy regime they are working on and the relevant processes

that are going on to predict the number of events expected in an experiment.

INO experiment is tuned towards the GeV range so almost all the processes

discussed earlier (QE, RES and DIS) will contribute towards the number of events.

We know in the oscillation experiment NC events do not provide any additional

information about flavour conversion and therefore we mostly focus on the CC

interaction in the detector. In CC interaction both µ− (µ+) and e− (e+) will be

produced from the interaction of νµ (ν̄µ) and νe (ν̄e) interactions along with hadrons

respectively. ICAL is designed to mainly look for the µ± events in the detector as

ICAL has very good energy (≈ 10% for Eν = 1 GeV) and angular resolution

(≈ 1◦) [10]. ICAL can not distinguish electron events when produced by the νe

and ν̄e interactions in the detector. This is mainly because of the shower properties

of electrons at GeV energies and their subsequent absorption in the iron layers.

Hadrons produced in the CC interactions also can not be separated individually.

Muons being minimum ionizing particle (MIP) traverse a longer distance produces

a track in the detector. Although the individual components of a hadron shower is

not identifiable in the ICAL detector but their energies are estimated using the hit

pattern in the active RPC detector [149, 150]. As muon produces cleaner track, the

energy of the muon is measured from the bending of the muon track in the magnetic

field by using Kalman filter [151]. The energy and direction measurements of the

daughter particles in neutrino interaction is extremely important to estimate the

parent neutrino energy.
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Chapter 3

The hierarchy and octant sensitivity

combining ESSνSB, T2K, NOνA and

INO

3.1 Introduction

The paradigm of three flavour neutrino oscillation is well established now and most

of the parameters have been measured with considerable precision. Efforts are going

on to measure them more precisely and determine the unknown parameters. At the

present epoch, the main challenges in the neutrino sector is to find out the correct

mass hierarchy, octant of the oscillation parameter θ23 and the leptonic CP phase

δCP. One of the main difficulties in determining these parameters are the presence

of degeneracies [152–156] due to the unknown value of oscillation parameters which

reduce the sensitivity of an experiment. Several future experiments are proposed or

planned to address the above degeneracies and unambiguous determination of the

parameters – hierarchy, octant and δCP. This includes the beam based experiments

T2HK [11] / T2HKK [12], DUNE [13] and ESSνSB [14, 15]. Several studies have

been performed in the literature to explore the physics potential of these facilities
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[157–170]. A recent comparative study of these facilities have been accomplished

in [171].

In this chapter the synergies between data from different experiments to address

the degeneracies in the oscillation parameters are explored. In particular, combina-

tion of simulated data from atmospheric neutrino experiment INO along with long

baseline experiments T2K , NOνA and ESSνSB have been studied. We focus on

how the reach of the proposed experiment ESSνSB can be enhanced in conjunction

with INO and the currently running accelerator experiments T2K and NOνA using

the synergies that exist across different experiments. The ESSνSB proposal plans

to use the European Spallation Source (ESS), which is under construction in Swe-

den [172]. The ESSνSB experiment will use this facility for generating very intense

neutrino super beam. The main aim of the ESSνSB experiment is to measure the

CP violation in the neutrino sector. This is expected to be achieved by using the

second oscillation maximum of the Pµe probability. However, the hierarchy and oc-

tant sensitivity at the second oscillation maximum gets compromised as compared

to the first oscillation maximum. Optimization of the ESSνSB configuration with

δCP has been done in [15], which recommends the neutrino beam peak energy 0.2

GeV, 540 km baseline and 2 years ν + 8 years ν̄ run. In [173], the octant sensitiv-

ity of ESSνSB has been studied at both first and second oscillation maximum and

they advocated 200 km baseline with 7ν+3ν̄ years as the optimal configuration for

octant and CP sensitivity. In this study our aim is to explore whether the hierarchy

and octant sensitivity of the ESSνSB setup as proposed in [15] can be improved by

combining with the proposed atmospheric neutrino experiment INO. It has been

shown earlier that since the hierarchy sensitivity of INO is independent of δCP ,

combination of INO with T2K and NOνA can help to raise the hierarchy sensi-

tivity for unfavorable values of δCP for the latter experiments [174]. We perform

a quantitative analysis of this effect for the ESSνSB experiment. In addition we

also explore how the information from the ongoing experiments T2K and NOνA

34



can further enhance the hierarchy and octant sensitivity of the ESSνSB + INO.

We discuss in detail the various degeneracies and expound the synergistic effects

of combining data from the various experiments.

This chapter (based on [22]) is structured as follows. In Section 3.2, we have

described the appearance probabilities of the long-baseline accelerator experiments

(LBL) and the associated degeneracies. We also discuss briefly the behavior of

the probability for baselines and energies for which resonance matter effect occurs

for atmospheric neutrinos passing through the Earth. Section 3.3, summarizes the

various experiments that are used in this analysis and in Section 3.4 the details

of the simulation procedure is described. The Section 3.5 contains the results for

the mass hierarchy and octant sensitivity that can be achieved from ESSνSB ,

INO , T2K + NOνA and their various combinations. Conclusions are presented in

Section 3.6.

3.2 Probability analysis

For the accelerator based experiments T2K, NOνA, ESSνSB the relevant channel

for mass hierarchy and octant sensitivity is the appearance channel governed by the

probability Pµe. In presence of matter of constant density, this can be expanded in

terms of the small parameters α (=
∆m2

21

∆m2
31

) and sin θ13 up to second order as [175]:

P (νµ → νe) = sin2 2θ13 sin2 θ23
sin2 ∆(1− Â)

(1− Â)2

+α cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 cos (∆ + δCP)
sin ∆Â

Â

sin ∆(1− Â)

(1− Â)

+α2 sin2 2θ12 cos2 θ13 cos2 θ23
sin2 ∆Â

Â2
(3.1)

where, E = energy of the neutrino, A = 2
√

2GFNeE, GF is the Fermi constant,

Ne is the number density of electrons in matter, L is the baseline, ∆ =
∆m2

31L

4E
,
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α =
∆m2

21

∆m2
31

, Â = A
∆m2

31
, ∆m2

ij = m2
i −m2

j .

In Figure 3.1 we have plotted the appearance probabilities for T2K baseline of

295 km (top row) and NOνA baseline of 810 km (bottom row) as a function of δCP.

The energies are fixed at the peak energies of 0.6 GeV and 2 GeV respectively in

these plots. The left and right columns represent the neutrino and anti-neutrino

oscillation probabilities respectively. Each plot in Figure 3.1 and Figure 3.2 com-

prises of four different hierarchy-octant bands NH-LO (cyan), NH-HO (purple),

IH-LO (green), IH-HO (brown). Each LO (HO) band represents the θ23 variation

in the range 39◦ − 42◦ (48◦ − 51◦). These plots help to understand the various

degeneracies occurring between hierarchy, octant and δCP.
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Figure 3.1: Probability vs δCP for T2K & NOνA. The bands are obtained by varying
θ23 in lower octant and upper octant. See text for details.
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Figure 3.2: Appearance probability for ESSνSB for different energies. The bands are
obtained by varying θ23 in lower octant and upper octant. See text for details.
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With respect to δCP there can be two kind of solutions : (i) those with wrong

values of δCP which can be seen by drawing a horizontal line through the curves

and seeing the CP values at which this line intersects the two bands of opposite

hierarchies and/or octant. (ii) Those with right values of δCP which occur when

two bands intersect each other. Thus we can have the following type of degenerate

solutions in addition to the true solution which can affect the hierarchy and octant

sensitivity 1 :

• Wrong Hierarchy - Right Octant - Right δCP (WH-RO-RδCP)

• Wrong Hierarchy - Right Octant - Wrong δCP (WH-RO-WδCP)

• Wrong Hierarchy - Wrong Octant - Right δCP (WH-WO-RδCP)

• Wrong Hierarchy - Wrong Octant - Wrong δCP (WH-WO-WδCP)

• Right Hierarchy - Wrong Octant - Wrong δCP (RH-WO-WδCP)

The plots in Figure 3.1 show that there are no degeneracies at the highest

and lowest points of the probability bands. These correspond to NH-HO (NH-

LO) and δCP ∼ −90◦ and IH-LO (IH-HO) and δCP ∼ +90◦ for neutrinos (anti-

neutrinos). The rest of the combinations are not free from hierarchy - octant

- δCP degeneracies [155]. NOνA baseline being higher, shows a wider separation

between opposite hierarchies than that of T2K. Also one can note that combination

of neutrinos and anti-neutrinos can remove octant degeneracy. For instance NH-LO

with δCP ∼ −90◦ is degenerate with IH-HO with δCP in the same half plane and NH-

HO in the opposite half plane of δCP as can be seen by comparing the cyan, brown

and purple bands for the neutrinos. Thus with neutrinos one can get degenerate

1Note that Right Hierarchy-Right Octant-Wrong δCP degeneracy is not a degeneracy for mass
hierarchy and octant sensitivities and therefore it was not mentioned. Also, Right Hierarchy-
Wrong Octant-Right δCP is not really a degeneracy, this can be understood by drawing a vertical
line at a particular δCP in the Pµe vs δCP plot. Here we observe that the values of Pµe will always
be different for the opposite octants. If at all a solution encompassing LO and HO appears that
will be due to the limitation in the measurement of θ23.
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solutions corresponding to WH-WO-RδCP and RH-WO-WδCP. However, if one

considers anti-neutrinos then these degeneracies are not present. Thus combination

of neutrino and anti-neutrino data can help in alleviating degenerate solutions in

opposite octant [25–27, 155, 176].

The ESSνSB set-up that we consider corresponds to that discussed in [15] with

a baseline of 540 km – between Lund and Garpenberg mine. The flux peaks around

0.24 GeV with significant flux around 0.35 GeV which is close to the second oscil-

lation maximum. The probability has a sharper variation at the second oscillation

maximum, with δCP leading to a higher CP sensitivity. Primarily three energy bins

with mean energy 0.25 GeV (E1), 0.35 GeV (E2), 0.45 GeV (E3) contribute signif-

icantly to the hierarchy sensitivity. Thus, in order to understand the degeneracies

for the ESSνSB baseline of 540 km we have plotted the appearance probability

for three different energies in Figure 3.2 where the top, middle and bottom row

corresponds to 0.25 GeV, 0.35 GeV and 0.45 GeV respectively. The behavior of

Pµe for 0.35 GeV is somewhat similar to that of T2K and NOνA in Figure 3.1.

However, the variation with δCP is sharper, octant bands are narrower and the

different curves intersect each other more number of times indicating presence of

wrong hierarchy and/or wrong octant solutions at right δCP. There is no degen-

eracy for NH-HO (NH-LO) at δCP = −90◦ and IH-LO (IH-HO) at δCP = +90◦

for neutrinos(anti-neutrinos) as in case of T2K and NOνA. The degeneracies for

the energies 0.25 and 0.45 GeV are different than the above. From top left and

bottom left plots in Figure 3.2, we find that for neutrinos, IH does not suffer from

mass hierarchy degeneracy in (−180◦ ≤ δCP ≤ −60◦ and 130◦ ≤ δCP ≤ 180◦

) but NH suffers from hierarchy degeneracy for the whole range of δCP. For anti-

neutrinos (top and bottom right panel in Figure 3.2) for −30◦ ≥ δCP ≥ 70◦ there

is no degeneracy for NH while IH is degenerate with NH throughout the full range

of δCP. Thus the degeneracies for NH and IH occur for different δCP values and

combination of neutrino and anti-neutrino runs can help in resolving these.
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The dependence of Pµe on δCP and θ23 can be understood analytically by ex-

pressing the probability Pµe as follows [25]:

Pµe = (β1 − β3) sin2 θ23 + β2 sin 2θ23 cos(∆ + δCP) + β3 (3.2)

where,

β1 = sin2 2θ13
sin2 ∆(1− Â)

(1− Â)2
,

β2 = α cos θ13 sin 2θ12 sin 2θ13
sin ∆Â

Â

sin ∆(1− Â)

1− Â
,

β3 = α2 sin2 2θ12 cos2 θ13
sin2 ∆Â

Â2
(3.3)

The CP dependence of the probabilities can be understood from the following

expression

Pµe(δCP)−Pµe(δ′CP) = −2β2 sin2 2θ23 sin

(
∆ +

δCP + δ′CP

2

)
sin

(
δCP − δ′CP

2

)
(3.4)

for neutrino probabilities and normal hierarchy. T2K and NOνA are experiments

close to first oscillations maximum corresponding to ∆ ≈ π
2
. Then, Equation 3.4

reduces to

Pµe(δCP)− Pµe(δ′CP) = −2β2 sin2 2θ23 cos

(
δCP + δ′CP

2

)
sin

(
δCP − δ′CP

2

)
(3.5)

For ESSνSB as the bin 0.35 GeV is close to the second oscillations maximum, we

can write ∆ ≈ 3π
2

. Hence, the Equation 3.4 is,

Pµe(δCP)− Pµe(δ′CP) = 2β2 sin2 2θ23 cos

(
δCP + δ′CP

2

)
sin

(
δCP − δ′CP

2

)
(3.6)

The 0.25 GeV bin in ESSνSB is closer to the third oscillations maximum, so ∆ ≈
5π
2

. Hence, the governing equation for this energy is the Equation 3.5. Although
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Equation 3.5 and Equation 3.6 have a relative (−) sign, the shapes are similar for

Figure 3.1 and the second row for Figure 3.2 because the β2 = 0.013 for T2K,

β2 = 0.011 for NOνA and β2 = −0.039 for ESSνSB . Thus the negative sign in β2

compensates for the relative negative signs between the two equations. The sharper

variation in the probabilities for ESSνSB can be attributed to the higher |β2| value

of ESSνSB as compared to T2K and NOνA ( |β2|ESSνSB ≈ 3|β2|T2K(NOvA)). To

understand the shape of the Pµe curve the slopes of the probability for various

δCP values should be understood, which is given by

S =
dPµe
dδCP

= −β2 sin2 2θ23 sin (∆ + δCP) (3.7)

From Equation 3.7 we obtain that in Figure 3.1 the slope is positive from −180◦ <

δCP < −90◦ and 90◦ < δCP < 180◦, with the slope becoming zero at δCP = −90◦

and 90◦ and positive from −90◦ < δCP < 90◦. The same explanation is also valid

for 0.35 GeV probability for ESSνSB but the slopes being higher in ESSνSB due to

greater |β2|. Comparing the NH-LO(blue) and NH-HO(purple) bands Figure 3.2

and Figure 3.1 we can see that the variation of NH probabilities for ESSνSB 0.25

GeV is more rapid compared to T2K and NOνA but less rapid compared to 0.35

GeV of ESSνSB. This is because the |β2| for 0.25 GeV bin in ESSνSB is greater

compared to T2K and NOνA and less in comparison with 0.35 GeV bin of ESSνSB.

Similarly, the shapes for IH and the anti-neutrino probabilities can be explained.

Baseline(L) Peak Energy(E) β1 β2 β3

NH IH NH IH NH IH
295 km 0.6 GeV 0.094 0.077 0.013 -0.011 0.002 0.002
810 km 2.0 GeV 0.095 0.062 0.011 -0.009 0.001 0.001
540 km 0.25 GeV 0.015 0.035 0.023 -0.035 0.034 0.034
540 km 0.35 GeV 0.090 0.071 -0.039 0.035 0.017 0.017

Table 3.1: β1, β2 & β3 values in Equation 3.3 for 295 km, 810 km, and 540 km baselines
corresponding to T2K, NOνA and ESSνSB experiments.The energies correspond to the
values where the flux peaks. For ESSνSB we present the values for two representative
energies.
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The dependence of Pµe on θ23 can also be understood from Equation 3.2, 3.3

and Table 3.1. In case of ESSνSB one can see from the plots in Figure 3.2 that

the octant bands for 0.25 GeV and 0.45 GeV are very narrow indicating that the

probabilities do not change significantly with θ23. For the energy bin 0.35 GeV

the octant bands are slightly wider as compared to the other two energies. The

θ23 behavior is governed by the first term of Equation 3.2, which shows a linear

variation with θ23 with a slope of (β1−β3). Over the allowed range of θ23 (39◦−51◦),

sin 2θ23 ∼ 1 and hence the second term of Equation 3.2 does not play a role in

determining the dependence of Pµe on θ23.

Pµe(θ23)− Pµe(θ′23) ≈ (β1 − β3)(sin2 θ23 − sin2 θ′23) (3.8)

This does not depend on δCP which is corroborated by the probability plots. The βis

for the three different baselines and the relevant energies are tabulated in Table 3.1

for both the hierarchies. We can see that for the ESSνSB baseline and 0.25 GeV

energy the β1 and β3 are almost equal indicative of the fact that the probability

does not vary much with θ23. For 0.35 GeV energy β1− β3 ∼ 0.73 for NH and 0.54

for IH, hence the octant bands are comparatively wider. This also implies that

the IH bands are slightly narrower as compared to the NH bands as can be seen

from the figure. For 0.25 GeV and 0.45 GeV the octant degeneracy for the same

hierarchy is seen to prevail over the full range of δCP corresponding to RH-WO-

RδCP solutions. In addition RH-WO-WδCP, WH-WO-WδCP, WH-RO-WδCP and

WH-WO-RδCP solutions are also seen to be present. The octant sensitivity of

ESSνSB comes mainly from the bin with mean energy the 0.35 GeV. For this

energy, the octant degeneracies are seen to occur close to ±90◦ in the same half

plane giving WH-WO-RδCP between NH-LO(cyan band) and IH-HO(brown band)

for neutrinos and between NH-HO(purple band) and IH-LO(green band) for anti-

neutrinos. For purposes of comparison we also give the βi values for T2K and
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NOνA. For these cases also the NH bands are slightly wider than the IH bands as

can be seen from the Figure 3.2 and the values of (β1 − β3).

In comparison to the LBL experiments the atmospheric neutrinos in ICAL de-

tector can travel through larger baselines and encounter resonance effects. At res-

onance, the probabilities can be better described by the one mass scale dominance

(OMSD) approximation rather than the α−s13 approximation in Equation 3.1. The

relevant probabilities Pµµ and Pµe in the OMSD approximation can be expressed

as,

Pm
µe = sin2 θ23 sin2 2θm

13 sin2

[
1.27 (∆m2

31)m L

E

]
(3.9)

Pm
µµ = 1− cos2 θm

13 sin2 2θ23 sin2

[
1.27

(
∆m2

31 + A + (∆m2
31)m

2

)
L

E

]
− sin2 θm

13 sin2 2θ23 sin2

[
1.27

(
∆m2

31 + A− (∆m2
31)m

2

)
L

E

]
− sin4 θ23 sin2 2θm

13 sin2

[
1.27 (∆m2

31)m L

E

]
(3.10)

Due to matter effect the modified mass squared difference (∆m2
31)m and mixing

angle sin2 2θm
13 are given by ,

(∆m2
31)m =

√
(∆m2

31 cos 2θ13 − A)2 + (∆m2
31 sin 2θ13)2

sin 2θm
13 =

∆m2
31 sin 2θ13√

(∆m2
31 cos 2θ13 − A)2 + (∆m2

31 sin 2θ13)2
(3.11)

The Mikheyev-Smirnov-Wolfenstein(MSW) matter resonance [177–179] occurs when,

∆m2
31 cos 2θ13 = A

The MSW resonance happens when ∆m2
31 > 0 for neutrinos and ∆m2

31 < 0 for

anti-neutrinos. Sine the resonance conditions are opposite for neutrinos and anti-
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neutrinos therefore the ability to distinguish between neutrinos and anti-neutrinos

is crucial for mass hierarchy sensitivity. Hence, the ICAL detector which has charge

sensitivity can help unfold the mass hierarchy. The sin2 θ23 term in Pµe and sin4 θ23

term in Pµµ is responsible for the octant sensitivity of ICAL [180]. Detailed dis-

cussion on the octant dependence of the probability for atmospheric neutrinos can

be found for instance in [181].

3.3 Experimental details

In this section we provide a brief description of the experiments used in our study

— the currently running long-baseline experiments T2K, NOνA and also the future

proposed long-baseline experiment ESSνSB along with the atmospheric neutrino

experiment ICAL@INO.

T2K (Tokai to Kamioka) [16] is a 295 km baseline experiment with the flux

centered at the neutrino energy around 0.6 GeV generated by JPARC neutrino

beam facility at power level higher than 300 kW. T2K has already collected 3.1×

1021 protons on target(POT) and is expected to collect a total of 8 × 1021 in 10

years. So, we have used a total POT of 8 × 1021 in our simulation. In order to

minimize the experimental uncertainty a near and a far detector are used at an

angle 2.5◦ from the center of the neutrino beam. Using the shape of the Ĉherencov

rings, the Super Kamiokande detector (fiducial volume 22.5 kt) for T2K has the

ability to distinguish between electron and muon events. In our analysis we have

considered 4 years of neutrino and 4 years of anti-neutrino runs for T2K.

NOνA experiment [17] is also a long-baseline neutrino experiment with a base-

line of 810 km between the source and the detector. NOνA uses high intensity

400 kW NuMI beam at Fermi lab. In this experimental set up a relatively smaller,

222 ton near detector and a bigger 15 kiloton far detector are placed at an off axis

of 0.8◦ from the NuMI beam with peak energy at 2 GeV. In both near and far
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positions liquid scintillator type detectors are used. NOνA is currently running

at 700 kW beam power corresponding to 7.3 × 1020 POT yearly and has already

collected 8.85×1020 POT. NOνA is planned to run in 3 years neutrino and 3 years

of anti-neutrino mode. In our study we have used the re-optimized NOνA set up

from [18, 19] and have used the full projected run time.

ESSνSB [14, 15] is a 540 km baseline experiment where high intensity neutrino

beam will be produced at the European Spallation Source (ESS) in Lund, Sweden.

ESSνSB [172] will focus its research on the second oscillation maximum and plans

to use a megaton water Ĉherencov detector. To create a high intensity neutrino

beam, they propose to use the linac facility of the European Spallation Source

which will produce 2 GeV protons with an average beam power of 5 MW and

27 × 1023 POT. The ESSνSB collaboration advocates an optimized set up with 2

years of neutrino and 8 years of anti-neutrino runs [182].

India-based Neutrino Observatory (INO) [125] is a proposal for observing at-

mospheric neutrinos in a magnetized iron calorimeter (ICAL) detector. This exper-

iment will look for atmospheric νµ and ν̄µ in the GeV energy range. It is proposed

to be built in the southern part of India under a mountain with 1 km overall rock

coverage. It will house a 50 kt ICAL detector with 1.5 Tesla magnetic field. Be-

cause of the magnetic properties of the detector, ICAL can identify the polarity of

the charged particles produced by the charge current (CC) interaction of neutrinos

with the detector. This gives it the ability to differentiate between neutrinos and

anti-neutrinos by identifying the charge of the daughter particles using Resistive

Plate Chambers (RPC) as an active detector component.

3.4 Simulation details

In this section we present the details of our simulation procedure for the LBL

experiments T2K, NOνA and ESSνSB and the atmospheric neutrino experiment
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ICAL@INO. We also discuss how the combined analysis of the various experiments

are performed.

The simulation for the long-baseline accelerator experiments T2K , NOνA &

ESSνSB are done using the General Long Baseline Experiment Simulator (GLoBES)

package [20, 21]. In this, the capability of an experiment to determine an oscillation

parameter is obtained by a χ2-analysis using frequentist approach. The total χ2
tot

is composed of χ2
stat and χ2

pull and is given by the following relation

χ2
tot = min

ξ,Ω

{
χ2

stat(Ω, ξ) + χ2
pull(ξ)

}
(3.12)

where Ω = {θ12, θ13, θ23,∆m
2
21,∆m

2
31, δCP} represents the oscillation parameters,

χ2
stat denotes the Poissonian χ2 function and χ2

pull consists of the systematic uncer-

tainties incorporated in terms of pull variables (ξ). The “pull” variables considered

in our analysis are signal normalization error, background normalization error, en-

ergy calibration error on signal & background (tilt). In the “pull” method a penalty

term is added in terms of the “pull” variables which is given by χ2
pulls =

r=4∑
r=1

ξ2
r in

order to account for the systematics errors stated above. The Poissonian χ2
stat is

given by

χ2
stat(Ω, ξ) = 2

∑
i

{
Ñi

test −N true
i +N true

i ln
N true
i

Ñi
test

}
. (3.13)

The number of events predicted by the theoretical model over a range of oscillation

parameters Ω in the ith bin and is given by

Ñi
test

(Ω, ξ) =
∑
k=s,b

Ni
k(Ω)

[
1 + c

(k)norm
i ξ(k)norm + c

(k)tilt
i ξ(k)tilt Ei − Ē

Emax − Emin

]
(3.14)

where, k = s(b) denotes signal(background) and cnormi (ci
tilt) represents alteration

in the number of events by the modification of the “pull” variable ξnorm(ξtilt). Ei

is the mean reconstructed energy of the ith bin, and Ē = (Emax + Emin)/2 is the
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mean energy over this range with Emin and Emax denoting the maximum and min-

imum energy. The systematic errors on the signal and background normalizations

are shown in Table 3.2 2. N true
i in Equation 3.13 is given by the sum of simulated

signal and background events N true
i = N s

i +N b
i .

The background channels influencing detection of neutrinos is dependent on the

type of detector used. The background channels which contribute for the water

Ĉherenkov detectors for T2K and ESSνSB are the Charged Current(CC) non-

Quasielastic(QE) background, intrinsic beam background, neutral current back-

ground and mis-identification error. While the main background channels affecting

the scintillator detector in NOνA are CC non-QE, intrinsic beam background, neu-

tral current background. The systematic uncertainties in signal and background

normalizations in various channels are summarized in Table 3.2. Besides these, the

energy calibration errors are also incorporated in the analysis in terms of “tilt”

errors. The signal (background) “tilt” errors that have been included are 1%(5%)

for T2K, 0.1%(0.1%) for NOνA and 0.1%(0.1%) for ESSνSB .

Channel T2K NOνA ESSνSB

νe appearance 2% (5%) 5% (10%) 5% (10%)

ν̄e appearance 2% (5%) 5% (10%) 5% (10%)

νµ disappearance 0.1% (0.1%) 2.5% (10%) 5% (10%)

ν̄µ disappearance 0.1% (0.1%) 2.5% (10%) 5% (10%)

Table 3.2: The signal (background) normalization errors for T2K , NOνA and ESSνSB
.

ICAL is a 50 kt detector which aims to detect νµ and ν̄µ along with hadron

produced in the detector. Atmospheric flux consist of νµ (ν̄µ) and νe(ν̄e) both of

which will contribute to the number of events observed in the ICAL detector. The

2Note that, we have used statistical errors as dominant for νµ and ν̄µ in case of T2K[183].
Therefore, the errors for the disappearance channels are kept small.

47



events observed in the detector can be expressed as:

d2N

dΨµ

= (t nd)×
∫
dΨν dΦµ

[
Pµµ

d3Φµ

dΨν dΦν

+ Peµ
d3Φe

dΨν dΦν

]
dσµ(Eν)

dΨµ

(3.15)

where, dΨα = dEα d cos θα, nd is the number of nucleon target in the detector, t

is the experiment run time, Φµ and Φe are the initial flux of muon and electron

respectively, σµ is the differential neutrino interaction cross section. Pµµ and Peµ

are the muon survival and appearance probabilities. To reduce the Monte Carlo

fluctuations, firstly 1000 years of unoscillated data is generated with Nuance [184]

neutrino generator using Honda neutrino flux and the interaction cross section and

the ICAL detector geometry. Each event is then multiplied with the oscillation

probability depending on the neutrino energy and path length. Oscillation proba-

bility in matter is calculated solving differential neutrino propagation equation in

matter using the PREM model for the density profile of the Earth [185]. These

events are smeared on a bin by bin basis using detector resolutions and efficiencies

[10, 149] to get realistic simulation of the ICAL detector. Later in our analysis

we have scaled down to 10 years of ICAL data. For ICAL@INO both “data” and

theory events are simulated in the same way. In our analysis, we have used the

resolution and the efficiency obtained for the central part of the ICAL detector [10]

using GEANT4 [186–188] based simulation for the whole detector. The typical

muon energy resolution in the GeV energy range is ∼ 10% and angular resolution

is ∼ 1◦ and charge identification efficiency is greater than ∼ 95% in the relevant

energy range[189]. As ICAL has very good energy and angular resolution for the

muons produced in the detector, so the events spectrum is categorized in terms

of measured muon energy (Eµ) and reconstructed muon angle (cos θµ). This bin-

ning scheme is referred to as 2D binning scheme in our analysis. Hadrons are also

produced along with muons in the CC interaction with the detector. The hadron

resolution is ∼ 85% at 1 GeV and ∼ 36% at 15 GeV. It is also possible to extract
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the hadron energy in event by event basis in CC interaction as E ′h = Eν−Eµ. Now

the inelasticity parameter y =
E′h
Eν

can be used as an independent parameter with

every CC event in the previously mentioned 2D scheme. Analysis with these three

independent parameters is referred to as the 3D binning scheme. Improvement of

the sensitivities while using the 3D binning scheme over the 2D scheme has been

shown in [190]. The binning scheme is summarized in Table 3.3. While generat-

ing the data, oscillation parameters are used at their true values whereas the test

events are generated using the 3σ range as mentioned in the Table 3.4.

Reconstructed variable [ Range ] (bin width) Total bins

[1 : 4] (0.5) 6

Eobs
µ (GeV) [4 : 7] (1) 3

[7 : 11] (4) 1

[-1.0 : -0.4] (0.05) 12

cos θµ [-0.4 : 0] (0.1) 4

[0.0 : 1.0] (0.2) 5

[0.0 : 2.0] (1) 2

E ′had (GeV) [2.0 : 4.0] (2) 1

[4.0 : 11.0] (7) 1

Table 3.3: The binning scheme used in 2D (Eµ, cos θµ) and 3D (Eµ, cos θµ, E′had)
analysis.

As ICAL is not sensitive to δCP [191], we have not marginalized over test δCP and

fixed the value at 0◦ while generating the test events. To get the ICAL@INO

sensitivity we perform a χ2 analysis where with χ2 defined as:
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χ2
INO =

min
ξ±l

N
Eobsµ∑
i=1

N
cos θobsµ∑
j=1

N
E′obs
had∑

k=1

2

[(
T+
ijk −D

+
ijk

)
−D+

ijk ln

(
T+
ijk

D+
ijk

)]
+

2

[(
T−ijk −D

−
ijk

)
−D−ijk ln

(
T−ijk
D−ijk

)]
+

5∑
l+=1

ξ2
l+ +

5∑
l−=1

ξ2
l− . (3.16)

Where i, j, k sums over muon energy, muon angle and hadron energy bins respec-

tively. Tijk, Di,j,k refers the predicted (theory) and observed (data) events respec-

tively in i, j, k bin. The ± sign in theory or observed events refer to the µ± events

coming from ν±µ interactions in the detector. The number of expected events with

systematic errors in each bin are given by:

T+
ijk = T 0+

ijk

(
1 +

5∑
l+=1

πl
+

ijkξl+

)
; T−ijk = T 0−

ijk

(
1 +

5∑
l−=1

πl
−

ijkξl−

)
. (3.17)

where T 0±
ijk refers to the number of theory events without systematic errors in a

particular bin i, j, k. The systematic uncertainties considered in the analysis using

pull method are [192]:

• π1 = 20% flux normalization error

• π2 = 10% cross section error

• π3 = 5% tilt error

• π4 = 5% zenith angle error

• π5 = 5% overall systematics

To incorporate the “tilt” error, the predicted neutrino fluxes is modified using:

Φδ(E) = Φ0(E)

(
E

E0

)δ
' Φ0(E)

(
1 + δ ln

E

E0

)
, (3.18)
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where, E0 is 2 GeV, and δ is the 1σ systematic “tilt” error (5%). Flux uncertainty

is included as Φδ(E)− Φ0(E).

Oscillation parameters True value Test range

sin2 2θ13 0.085 fixed

sin2 θ12 0.304 fixed

θ23 42◦ (LO), 48◦ (HO) 39◦ : 51◦

∆m2
21 (eV2) 7.4× 10−5 fixed

∆m2
31 (eV2) 2.5× 10−3 (2.35 : 2.65)× 10−3

δCP (LBL) −180◦ : 180◦ −180◦ : 180◦

δCP (INO) −180◦ : 180◦ 0◦(fixed)

Table 3.4: The true and test values of the oscillation parameters used in our analysis.

For performing the statistical analysis the observed events or data are generated

using the true values listed in Table 3.4. The predicted or test events are simulated

varying the parameters |∆m2
31|, sin2 θ23 in their 3σ ranges presented in Table 3.4.

The values of θ12, sin2 θ13 and ∆m2
21 are held fixed to their best-fit values while

calculating the test events. For LBL experiments δCP is varied over 0◦−360◦ while

generating the test events. For calculating χ2 corresponding to hierarchy or octant

sensitivity for a particular experiment marginalization is done over the oscillation

parameters which are varied. If two or more LBL experiments are combined then

the χ2 of each experiment are added in the test plane and then the combined χ2

is marginalized over. Since ICAL@INO is insensitive to δCP, the δCP(test) is kept

fixed for ICAL@INO analysis to save computation time. While calculating the

combined χ2 for LBL and ICAL@INO, the marginalization over test-δCP is first

performed for LBL experiments and then the marginalized χ2 is added with the

ICAL@INO χ2. This χ2 is further marginalized over the oscillation parameters
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|∆m2
31|, sin2 θ23 as follows :

χ2
tot =

Min
θ23,|∆m2

31|
[
χ2
INO+

Min
δCP χ2

LBL

]
(3.19)

3.5 Results and Discussions

3.5.1 Mass hierarchy sensitivity

The mass hierarchy sensitivity is calculated by taking a true set of parameters

assuming NH(IH) as true hierarchy and is compared against the test parameters

assuming the opposite hierarchy IH(NH). While calculating the hierarchy sensi-

tivity, marginalization is done over θ23, |∆m2
31| and δCP in the range depicted in

Table 3.4 in the test events (unless otherwise mentioned) while θ12, θ13 and ∆m2
21

are kept fixed at their best-fit values.

In Figure 3.3 we present the hierarchy sensitivities as a function of true δCP for

the experiments ESSνSB (2 years neutrino + 8 years anti-neutrino), T2K + NOνA

(3 years neutrino + 3 years anti-neutrino), INO-3D, individually and combined with

each other for four hierarchy-octant combinations. These are NH-LO, NH-HO, IH-

LO and IH-HO. The representative true values of θ23 for LO and HO are chosen as

42◦ and 48◦ respectively.

The blue dashed lines in the plots represent the hierarchy sensitivity of ESSνSB.

It is seen that for all the four cases hierarchy sensitivity of ESSνSB is more for CP

conserving values (0◦, ±180◦) than for CP violating values (+90◦/− 90◦). Overall,

for NH and θ23 = 42◦, ESSνSB can have close to 2σ hierarchy sensitivity for all

values of δCP reaching up to 3σ for δCP = ±180◦. The CP dependence of hierarchy

sensitivity for NH-HO is similar to that of NH-LO as can be seen from the right

panel of the top row. However, the sensitivity is slightly higher because of the
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Figure 3.3: Mass hierarchy sensitivity vs. δCP (true) for ICAL@INO-3D, ESSνSB ,
T2K, NOνA for four hierarchy-octant combinations starting from top right, clockwise
in the order NH-LO, NH-HO, IH-HO and IH-LO. Each figure consists of six different
experimental combinations which are represented as ICAL@INO (magenta solid curve),
ESSνSB (blue dashed curve), T2K + NOνA (orange solid curve), ESSνSB + ICAL@INO
(blue solid curve), ESSνSB + T2K + NOνA (brown dashed curve) and ESSνSB + T2K
+ NOνA + ICAL@INO (brown solid curve).

higher octant. The panels in the second row show the hierarchy sensitivity for IH-

LO and IH-HO. In this case ESSνSB attains highest hierarchy sensitivity (∼ 3σ)

for δCP = 0◦ but sensitivity is < 2σ for δCP = ±90◦.

In order to understand the behavior of the hierarchy sensitivity χ2 with δCP in

Figure 3.4 we plot the hierarchy χ2 as a function of test-δCP for only neutrino,

only anti-neutrino and the mixed runs of 10ν+0ν̄ years, 0ν+10ν̄ years and 2ν+8ν̄
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Figure 3.4: Mass hierarchy sensitivity vs δCP (test) for ESSνSB with true δCP fixed.
The top row represents true NH while the bottom row represents true IH. The true octant
is fixed as lower octant for all the plots. Each row has plots for three different δCP (true),
which are 0◦,−90◦ and 180◦ from left to right in the given order. Each figure consists of
three different runtime combinations of neutrino and anti-neutrino runs. The blue, green
and red curves denote the runtime combinations (in years) of 10ν + 0ν̄, 0ν + 10ν̄ and
2ν + 8ν̄ respectively.

years respectively for the ESSνSB experiment. One can see that for δCP = 0◦

the minimum for neutrinos come at ±180◦ while that of anti-neutrinos occur at

150◦. Therefore, the position of the overall minimum combining neutrinos and anti-

neutrinos is at δCP = ±180◦. For δCP (true) = 180◦, the neutrino minimum is seen

to be at δCP (test) = 0◦ whereas the anti-neutrino minimum at δCP (test) ≈ −30◦

and ±180◦. The overall minimum of 2ν+8ν̄ years runtime come at δCP = −20◦.

In comparison the figure drawn for true δCP = −90◦ (the second panel in the first

row) shows that the minimum for only neutrino run comes around −60◦ whereas

that for only anti-neutrino comes around −110◦. Whereas the combined minimum

occurs close to −90◦. Thus for δCP = −90◦ the wrong hierarchy minimum comes

at the same CP value as compared to δCP (true) = 0◦, ±180◦ where the wrong
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hierarchy minima are farther from the true value and hence the tension is enhanced.

Similar feature is observed in the IH-LO curves (in the lower panel) also. For

δCP (true) = −90◦ the minimum for only neutrino, only anti-neutrino and the

combined runs occur in the same half plane as δCP = −90◦ whereas for true δCP = 0◦

the corresponding minimum occurs at ±180◦ and 150◦. Similarly for δCP = 180◦,

the minimum for only neutrino run is at 0◦, for only anti-neutrino run is at −30◦

and the combined run is close to −10◦. Thus for δCP = −90◦ the presence of

WH-RδCP degeneracy gives a lower sensitivity as compared to the CP conserving

values, where the wrong hierarchy minimum comes at different wrong CP values

for neutrino and anti-neutrino which enhances the tension and hence the χ2. It is

seen that the only neutrino run of ESSνSB can give a better hierarchy sensitivity

because of statistics than the combined runs. However, the combined neutrino and

anti-neutrino run is expected to give a higher CP sensitivity [182].

The magenta curves in Figure 3.3 represents the hierarchy sensitivity of ICAL@INO.

Mass hierarchy sensitivity of ICAL@INO is independent of δCP because of the sub-

dominant effect of δCP in survival probability and also due to smearing over direc-

tions [23, 24]. Hence, when ICAL@INO is added to other long-baseline accelerator

experiments a constant increase in the sensitivity is observed. This helps to get

reasonable sensitivity in the degenerate region. This is reflected by the blue solid

curves which demonstrate the hierarchy sensitivity of ESSνSB + ICAL@INO. Since

ICAL@INO has no dependence on δCP the combined curve follows the ESSνSB

curve. The combination of ESSνSB + ICAL@INO can give 3σ hierarchy sensi-

tivity over the whole range of δCP reaching 4σ for δCP = ±180◦ for NH-LO. For

NH-HO, the combined sensitivity is more than 3.5σ for all values of δCP crossing

4σ for ±180◦. For IH-LO, as can be seen from the second row first column of the

Figure 3.3 the combined sensitivity of ESSνSB + ICAL@INO is more than ∼ 3σ

for all values of δCP and more than 4σ for δCP = 0◦. For IH-HO, the sensitivity at

δCP = 0◦ can reach ∼ 4.5σ.
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The yellow curves in the different panels of Figure 3.3 represent the hierarchy

sensitivity for T2K + NOνA. We see that for NH-LO/HO highest sensitivity occurs

for δCP ∼ −90◦ and the lower half plane (LHP,−180◦ <δCP < 0◦) is seen to be favor-

able for hierarchy. This can be understood from the probability figures for T2K and

NOνA in Figure 3.1. For instance NH-LO (the cyan band) and δCP ∼ −90◦ does

not show any degeneracy for anti-neutrinos. The degeneracy with IH-HO present

for neutrinos can be resolved when neutrino and anti-neutrino are combined. Thus

the LHP is conducive for hierarchy determination [193]. For true NH-HO, neutrino

has no degeneracy for δCP = −90◦, whereas the WH-WO-RδCP degeneracy observed

in the anti-neutrino data (purple and green bands in the probability Figure 3.2 )

can be resolved when combined with neutrino data. Thus the LHP is favorable

for hierarchy. For true IH-LO/HO the upper half plane(UHP, 0◦ < δCP < 180◦) is

favorable for hierarchy, since there is no degeneracy for neutrinos (anti-neutrinos)

for δCP in the UHP.

When T2K + NOνA χ2 is added to ESSνSB and marginalized, the CP depen-

dence of the hierarchy sensitivity is governed by all the three experiments. The

resultant curve shows highest sensitivity for δCP = 0◦ reaching 4σ level for both

NH-LO and NH-HO. For IH, 4σ sensitivity is reached for HO for all values of

δCP and for δCP = ±180◦ for LO. Note that the hierarchy sensitivity for ESSνSB

+ ICAL@INO for certain values of δCP could be higher than that of T2K + NOνA

+ ESSνSB.

The brown solid curve represents the combined hierarchy sensitivity of ESSνSB

+ T2K + NOνA + ICAL@INO and it shows sensitivity reach of χ2 = 25 for all

values of δCP NH-HO. For NH-LO 5σ sensitivity is reached for δCP = 0◦, while for

IH-HO δCP = 0◦, ±180◦. For IH-LO, the sensitivity stays slightly higher than 4.4σ

for all values of δCP. We have also observed a synergy between ICAL@INO and the

accelerator based long-baseline experiments owing to |∆m2
31| tension. This tension

happens because atmospheric data slightly prefers lower |∆m2
31| values while the
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accelerator data supports the true value.
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Figure 3.5: Mass hierarchy sensitivity vs δCP (true) for ICAL@INO-3D, ICAL@INO-2D
and ESSνSB for four hierarchy-octant combinations starting from top right, clockwise in
the order NH-LO, NH-HO, IH-HO and IH-LO. Each figure consists of five different ex-
perimental combinations which are represented as ICAL@INO-2D (green dashed curve),
ICAL@INO-3D (red dashed curve), ESSνSB (black solid curve), ESSνSB + ICAL@INO-
2D (green solid curve) and ESSνSB + ICAL@INO-3D (red solid curve) .

In Figure 3.5 we compare and quantify the hierarchy sensitivity of ESSνSB

+ ICAL@INO for 2D and 3D analysis of the ICAL@INO experiment. The 3D

analysis gives better hierarchy sensitivity over 2D because of the inclusion of hadron

information in the analysis as described in Section 3.3.
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Figure 3.6: Octant sensitivity vs δCP (true) for ICAL@INO-3D ESSνSB T2K NOνA
for four hierarchy-octant combinations starting from top right, clockwise in the order
NH-LO, NH-HO, IH-HO and IH-LO. Each figure consists of six different experimental
combinations which are represented as ICAL@INO (magenta solid curve), ESSνSB (blue
dashed curve), T2K + NOνA (orange solid curve), ESSνSB + ICAL@INO (blue solid
curve), ESSνSB + T2K + NOνA (brown dashed curve) and ESSνSB + T2K + NOνA
+ ICAL@INO (brown solid curve).

3.5.2 Octant sensitivity

To calculate the octant sensitivity we simulate the data for a representative value

of true θ23 belonging to LO (HO) and test it by varying θ23 in the opposite octant

i.e. HO (LO) along with marginalization over |∆m2
31|, hierarchy and δCP (for LBL

experiments). The plots in Figure 3.6 show the octant sensitivity for the various

experiments. The magenta curves denote the octant sensitivity of ICAL@INO
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Figure 3.7: Octant sensitivity vs δCP (test) for ESSνSB , T2K and NOνA with
δCP (true) = ±90◦. The true hierarchy and true octant are taken as NH and LO re-
spectively. Left panel represents the octant sensitivities for δCP (true) = −90◦ and the
right panel δCP (true) = +90◦. Each figure consists of five different experimental com-
binations which are represented as T2K (blue solid curve), NOνA (orange solid curve),
ESSνSB (brown solid curve), T2K + NOνA (green solid curve), ESSνSB + T2K + NOνA
(magenta solid curve).

including the hadron information. It is seen that ICAL@INO has very poor octant

sensitivity (∼< 1σ). Although as discussed earlier, the matter effect can break

octant degeneracy the sensitivity is low for ICAL@INO, since it can detect only

the muon signal. This gets contribution from both Pµµ and Peµ probabilities and

the octant sensitivity are opposite which reduces the sensitivity.

T2K, NOνA and ESSνSB are accelerator experiments which can detect both the

appearance and disappearance channels separately. The blue dashed line denotes

the octant sensitivity of ESSνSB which is again < 1σ for all the four hierarchy

octant combinations. As we have seen from the discussion on probabilities, that

ESSνSB suffers from octant degeneracy over the whole range of δCP for the E1 and

E3 bins. Thus, the octant χ2 gets contribution mainly from the bin E2.

The solid yellow line in Figure 3.6 represents the combined octant sensitivity

for T2K + NOνA. This combination has ∼ 2σ octant sensitivity for most of the

δCP range for true NH-LO and IH-LO with peak sensitivity reaching up to ∼ 2.4σ

and ∼ 2.2σ at δCP ∼ 90◦ respectively. The combination of neutrino and anti-
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neutrino run help in removing the degenerate wrong octant solutions [25–27, 155].

There can also be some synergy between T2K and NOνA which can enhance octant

sensitivity. For instance for true NH-LO, we find a higher sensitivity in the upper

half plane of δCP near δCP ∼ 100◦. This happens because of synergy between

T2K and NOνA. This can be understood from the Figure 3.7 where we plot the

octant sensitivity χ2 vs test-δCP for T2K, NOνA and ESSνSB for NH-LO and

two representative values of true δCP = ±90◦. It is seen that for δCP = −90◦ the

minimum of NOνA, T2K and the combined χ2 of NOνA and T2K, represented

by the blue, yellow and the green lines come around −150◦. But for δCP =90◦

the minimum of T2K comes close to +90◦ but the minimum of NOνA comes close

to δCP ∼ −20◦. The combined minimum comes at ∼ δCP = 20◦ where the T2K

and NOνA contributions are higher than that at their individual minimum. This

synergy gives a higher χ2 in the UHP.

For IH-LO (green band in the probability Figure 3.1), the neutrino probability

has no degeneracy for δCP belonging to the upper half plane. The anti-neutrino

probabilities for δCP in upper half plane has degeneracy with NH-HO at same

δCP (purple band) and IH-HO with δCP in the lower half plane. But since neutrino

events have larger statistics, higher sensitivity is obtained for δCP in the upper half

plane.

For true NH-HO and IH-HO, the sensitivity is much lower with σ ≈ 1.4 over

the full range of δCP. The χ2 is lower for HO in general. This is because the

χ2 ∼ (NHO(LO) −NLO(HO))/NHO(LO) for true HO(LO). We see that the numerator

is same for both cases whereas the denominator is larger for a true higher octant

resulting in a lower sensitivity.

When T2K + NOνA is combined with ESSνSB (shown by the dashed brown

lines in the Figure 3.6) an enhancement is observed with the octant sensitivity

reaching ∼ 3σ at δCP ∼ 90◦ for true NH-LO while the octant sensitivity reaches

∼ 2.9σ for true IH-LO at the same δCP. But the octant sensitivities are ∼ 1.7σ for
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true NH-HO and IH-HO.

It is interesting to understand the enhancement of the octant sensitivity of

T2K + NOνA when combined with ESSνSB . This synergy can be understood

from Figure 3.7. The brown curve in this figure denotes the octant sensitivity of

ESSνSB as a function of test δCP while the magenta curve denotes the combined

sensitivity of T2K + NOνA + ESSνSB . The left panel represents the plots with

δCP (true) = −90◦ while right panel represents δCP (true) = 90◦. Analyzing the

first panel i.e. NH-LO and δCP (true) = −90◦ it is seen that the minimum for both

T2K and NOνA come at δCP (test) = −150◦ hence there is no synergy between

T2K and NOνA as discussed earlier. But, the ESSνSB minimum is at δCP (test) =

−100◦ therefore the overall minimum is shifted towards δCP (test) = −120◦, which

gives rise to significant synergy between ESSνSB and T2K + NOνA which can be

seen from the magenta curve in Figure 3.7.

The variation in the octant sensitivity χ2 with δCP (test) is seen to be very rapid

for ESSνSB hence it controls the overall shape of the combined octant sensitivity

curve and the position of the minimum. As we have discussed earlier, the octant

sensitivity for ESSνSB is contributed by the bin with mean energy 0.35 GeV. As

can be seen from Figure 3.2, the probability for this bin has a sharp variation with

δCP. Thus a slight shift in the δCP value can cause a large change in the probability

and hence in the χ2. Similar feature can also be observed in the second panel for

NH-LO and true δCP = 90◦.

Addition of ICAL@INO with T2K + NOνA + ESSνSB represented by the solid

brown curves, results in slightly higher sensitivity. In this case for true NH-LO 3σ

octant sensitivity is obtained. For true IH-LO the octant sensitivity reaches close

to ∼ 3σ at δCP ∼ 90◦. While for true NH-HO and IH-HO the total sensitivity

obtained is close to 2σ. Adding ICAL@INO, results in a constant increase in the

χ2, since the ICAL@INO χ2 is almost independent of δCP.
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3.6 Conclusions

The ESSνSB experiment is planned for discovery of δCP with a high significance

using the second oscillation maximum. In this work, we show how the hierar-

chy sensitivity of the ESSνSB experiment can be enhanced by combining with

the atmospheric neutrino data at the proposed ICAL detector of the ICAL@INO

collaboration as well as the data from the ongoing T2K and NOνA experiments

assuming their full projected runs. We present our results for four true hierarchy -

octant combination : NH-LO, NH-HO, IH-LO, IH-HO taking representative values

of θ23 = 42◦ for LO and 48◦ for HO. We find that ESSνSB has ∼ 2(3)σ hierarchy

sensitivity over the majority of δCP values for the above hierarchy octant combi-

nations. The mass hierarchy sensitivity of ICAL@INO is independent of δCP and

adding ICAL data to ESSνSB helps to enhance this to 3(4)σ depending on hierar-

chy, octant and δCP value. Addition of T2K + NOνA to this combination raises the

hierarchy sensitivity farther and 5σ sensitivity to mass hierarchy can be reached.

The overall conservative sensitivities (best sensitivities) for the various hierarchy

octant combinations are as follows:

• NH-LO : ∼ 4.4(5)σ

• NH-HO : ∼ 5(5.5)σ

• IH-LO : ∼ 4.5(5)σ

• IH-HO : ∼ 4.8(5.3)σ

We have also explored to what extent the octant sensitivity of ESSνSB can

be improved by combining with ICAL@INO and T2K and NOνA simulated data.

We find that ICAL@INO itself has very low octant sensitivity due to opposite

interplay of the survival and appearance channels nullifying the octant sensitivity.

However when T2K + NOνA data is added 2(3)σ octant sensitivity can be achieved.

Additionally, we have shown that despite of the poor octant sensitivity of ESSνSB,
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it can have interesting synergy with T2K + NOνA owing to the rapid variation

of Pµe with respect to δCP at the second oscillation maximum. Hence, combining

ESSνSB with T2K + NOνA significantly increases the combined χ2.

In conclusion, our analysis underscores the importance of exploring the synergies

between the ongoing experiments T2K and NOνA and the ESSνSB experiment and

atmospheric neutrino experiment ICAL@INO to give enhanced sensitivity.
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Chapter 4

Study of neutrino decay with ICAL using

atmospheric neutrinos

4.1 Introduction

Neutrino oscillation has been established as the dominant solution to the solar and

atmospheric neutrino anomalies. These have been corroborated by reactor and ac-

celerator based experiments. However, future/proposed high precision experiments

can also probe new physics scenarios which can be subleading effects over the dom-

inant oscillation solution. Several new physics scenarios have been considered in

the literature. This includes non standard interactions (NSI), non unitarity, long

range force etc. The neutrino oscillation probabilities would change in the presence

of new physics. This could be used to constrain new physics scenarios at neutrino

oscillation experiments. At the same time, a given new physics scenario could also

interfere with the measurement of the standard neutrino oscillation parameters and

hence pose a challenge to the proposed experiments, unless ways are found to can-

cel out their effects through synergistic measurements at multiple experiments. In

this chapter (based on [194]) we consider the possibility of invisible neutrino decay

and probing this scenario at INO.
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While there is no observational evidence in support for unstable neutrinos, since

they are massive, its not unlikely that they would decay. Radiative decays of neu-

trinos are severely constrained by cosmological data. Since the measured neutrino

masses suggest that the neutrinos would radiatively decay in the microwave energy

range, the most stringent bounds are provided by cosmic microwave background

data [195], making radiative decay of neutrinos totally uninteresting for neutrino

oscillation experiments. However, there still remains the possibility that neutri-

nos could decay into a lighter fermion state and a beyond standard model boson.

The Majoron model [196–198] for instance allows the following decay modes for

Majorana neutrinos: νi → νj + J or νi → ν̄j + J , where νj and ν̄j are lighter

neutrino and anti-neutrino states and J is a Majoron. The Majoron in principle

could belong to either a singlet or a triplet representation of the standard model

gauge group. But the triplet model is severely constrained [197, 198]and hence J

must predominantly be an electroweak singlet. If the final state fermion is a lighter

active neutrino, the decay is called visible decay. On the other hand, if the final

state fermion is a sterile state with no standard model interaction, then the decay

scenario is termed invisible decay. Even for Dirac neutrinos in extensions of the

standard models one could write down terms in the Lagrangian coupling neutrinos

with a light scalar boson and light right-handed neutrinos allowing the decay mode

νi → ν̄iR + χ, where ν̄iR is a right-handed singlet neutrino and χ is an iso-singlet

scalar carrying lepton number +2 [199, 200]. In this chapter, we will work in a

scenario where the final state particles remain invisible to the detector.

The lifetime of ν2 (and ν1) is constrained by the solar neutrino experiments.

Neutrino decay as a solution to the solar neutrino deficit problem was suggested in

[201], however, now we know that neutrino decay alone cannot explain this deficit.

Attempts to constrain the neutrino lifetime by considering neutrino decay as a

sub-dominant effect along with the leading LMA-MSW solution was done in [28–

31, 202–206]. Most of these studies considered the invisible decay scenario. Since
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Ue3 is small, the νe state mostly resides in the ν2 and ν1 states and hence all of

these studies worked in the two-generation framework. Bounds on the lifetime of ν2

was obtained from a global analysis of solar neutrino data in [29] where the impact

of the Sudbury Neutrino Observatory neutral current data was highlighted. It was

shown that the bound on ν2 lifetime was τ2/m2 > 8.7× 10−5 s/eV at 99% C.L. for

a 3 parameter fit. This bound was revisited in [30] (see also [31]) where the authors

obtained the 95% C.L. limit τ2/m2 > 7× 10−4 s/eV for both normal and inverted

mass hierarchy and τ1/m1 > 4 × 10−3 s/eV for inverted mass hierarchy. These

results are very consistent with the earlier analysis of [29] where the 95% C.L. limit

for a one parameter fit is seen to be τ2/m2 > 4.4× 10−4 s/eV. The corresponding

constraints from SN1987A are stronger [207].

Limits on the lifetime of ν3 come from the atmospheric and long-baseline neu-

trino experiments. Like in the case of solar neutrinos, any fit with neutrino decay

alone [208, 209] is unable to explain the atmospheric neutrino zenith angle data. A

lot of work has gone into considering decay along with oscillations. The analyses

can be broadly classified into two categories depending on the model used. If one

considers decay of ν3 to a state with which it oscillates, then the bounds coming

from K-decays [210] restrict the corresponding mass squared difference between

them to ∆m2 > 0.1 eV2 [211]. However, if the state to which ν3 decays is a sterile

state then the ∆m2 driving the leading oscillations of νµ is unconstrained. The

former case is that of decay to active neutrinos and was studied in the context

of atmospheric neutrinos in [211, 212] and no good fit was found. The latter is

the invisible decay scenario to sterile neutrinos and was analyzed against the at-

mospheric neutrino data in [32, 213–215]. The invisible decay case can be again

classified into two. In one case we can make the assumption that ∆m2 � 10−4 eV2,

causing it to drop out of the oscillation probability. The authors of [214] argued

that this could explain the Super-Kamiokande atmospheric neutrino data, how-

ever, the Super-Kamiokande collaboration itself reported [215] that this scenario
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was not supported by their data. The other case of invisible decay is when ∆m2

is left free in the fit to be determined by the data. This case was first mentioned

in [213]. The results of [213] were updated in [32] where the authors obtained

the limit τ3/m3 > 2.9 × 10−10 s/eV for invisible decay at the 90% C.L. from a

combined analysis of Super-Kamiokande atmospheric and MINOS data. More re-

cently, the analysis of oscillation plus invisible decay scenario with unconstrained

∆m2 was performed in [33] in the context of MINOS and T2K data and gave a

bound τ3/m3 > 2.8× 10−12 s/eV at 90% C.L. The constraint for the visible decay

scenario using the MINOS and T2K charged as well as neutral current data was

performed in [216]. The bounds on neutrino lifetime could be improved consider-

ably by observations at IceCube using cosmological baselines [217–220].

All the above mentioned papers which considered neutrino decay alongside os-

cillations performed their analysis in the framework of two-generations and did

not take Earth matter effects into account. Recently a three-generation analysis

including Earth matter effect and decay in the context of the Deep Underground

Neutrino Experiment (DUNE) was performed in [221] for visible decays and [222]

for invisible decays. It was shown that DUNE could improve the bound on τ3/m3

for the invisible decay case by at least an order of magnitude compared to the cur-

rent limits from MINOS and T2K. In this work, we consider invisible neutrino decay

within a three-generation oscillation framework in the context of atmospheric neu-

trinos and include Earth matter effects. Atmospheric neutrinos span many orders

of magnitude in energy and baseline. Since the effect of neutrino decay increases for

lower energies and longer baselines, atmospheric neutrino experiments are expected

to give a tighter bound on τ3/m3 than the proposed long-baseline experiments. We

will study the sensitivity of the atmospheric neutrinos at INO to neutrino decay.

Some of the other new physics scenarios studied by the INO collaboration in-

clude, CPT violation [223], dark matter [224], non-standard neutrino interactions

[225] and sterile neutrino oscillations [226]. In this work we will study in detail
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the sensitivity of ICAL to invisible neutrino decay using the full physics analysis

simulation framework of ICAL. We will also study the effect of invisible neutrino

decay on the precision measurement of |∆m2
32| and the mixing angle θ23.

This chapter is organized as follows. The scenario of invisible decay plus oscil-

lations for three–generation mixing and oscillations in Earth matter are discussed

in Section 4.2. The simulation of events and χ2 analysis are explained in Sec-

tion 4.3. In Section 4.4 we present our results for the sensitivity to the decay

parameter τ3/m3. The effects of the presence of decay on the precision measure-

ments of sin2 θ23 and |∆m2
32| are discussed in Sections 4.5.1 and 4.5.2 respectively.

The exclusion contours are presented in Section 4.5.3. Conclusions are presented

in Section 4.7.

4.2 Invisible decay and oscillations in the pres-

ence of matter

In this section we consider the oscillations and decay of ν3 in the presence of matter.

Let the state ν3 decay invisibly via ν3 → νs + J , where J is a pseudo-scalar and

νs is a sterile neutrino. Since νs does not mix with the three active neutrinos, the

mixing matrix U in vacuum [227–229] is given by :

U =


c12c13 s12c13 s13e

−iδ

−c23s12 − s23s13c12e
iδ c23c12 − s23s13s12e

iδ s23c13

s23s12 − c23s13c12e
iδ −s23c12 − c23s13s12e

iδ c23c13

 , (4.1)

where cij = cos θij, sij = sin θij; θij are the mixing angles and δ is the CP

violating phase.

The mass of νs is such that when the hierarchy is normal, ms < m1 < m2 <

m3. Since νs does not mix with the active neutrinos, the propagation equation is

not affected by this. The effect of decay is included in the three-flavor evolution
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equation in the presence of Earth matter as follows :

i
dν̃

dt
=

1

2E

[
UM2U † + ACC

]
ν̃, (4.2)

M2 =


0 0 0

0 ∆m2
21 0

0 0 ∆m2
31 − iα3

 , and ACC =


Acc 0 0

0 0 0

0 0 0

 , (4.3)

where E is the neutrino energy, α3 = m3/τ3 is the decay constant in units of eV2,

m3 is the mass of ν3 and τ3 its rest frame life time. Since the term α3 appears

in the propagation equation along with ∆m2
31, it has to be in units of eV2. The

conversion factor used here is 1 eV/s = 6.58× 10−16 eV2. The matter potential is

Acc = 2
√

2GFneE = 7.63× 10−5eV2 ρ(gm/cc) E(GeV), (4.4)

where, GF is the Fermi constant and ne is the electron number density in matter

and ρ is the matter density. For anti-neutrinos, both the sign of Acc and the phase

δ in Equation 4.2 are reversed.

4.2.1 Effect of the decay term

The decay term is of the form of exp (−αL/E). No decay corresponds to α = 0 and

the exponential term as 1 whereas complete decay will be when the exponential

term tends to 0. The effect of the decay parameter α for various L/E values can be

understood from Figure 4.1 in which exp (−αL/E) vs L/E is plotted for the values

α = 10−3, 10−4, 10−5 and 10−6 eV2. This figure gives an indication towards what

are the values of α to which a given experiment spanning a specified L/E range

can be sensitive to. For instance the red shaded region in Figure 4.1 indicates the

L/E range covered by the narrow band NOνA neutrino beam (E = 1–3 GeV).

It can be seen from the figure that NOνA’s sensitivity is limited to larger values
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of α; i.e. 10−3 and 10−4 eV2 for which the exponential terms shows substantial

departure from the no decay value of 1. The blue shaded region corresponds to the

baseline L = 9700 km with E = 0.5–25 GeV, respectively. These are the typical

values for an atmospheric neutrino experiment. This range of L/E is sensitive to

a wider range of α from ∼ 10−6 − 10−3 eV2 owing to the fact that it covers more

L/E. The ranges of exp (−αL/E) values for various values of α accessible for the

specified range of L/E for a given baseline is shown in Table 4.1.
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Figure 4.1: The value of exp (−αL/E) as a function of L/E for different values of the
decay parameter α. The red shaded region denotes the L/E range accessible with NOνA
narrow band neutrino beam (E = 1–3 GeV) the dashed blue shaded region indicates the
range for L = 9700 km, when E is in the range 0.5–25 GeV.

For a given L, a broader range of E will improve the sensitivity to α; on the

other hand for a given E range the sensitivity to α will increase if longer baselines

are available. In principle any experiment which spans over a wide range of L/E

will have a better sensitivity to decay; with larger L/Es being sensitive to smaller

values of α and vice versa. Atmospheric neutrino oscillation experiments fulfill

this exact requirement. If we consider the neutrino energy range of 0.5–25 GeV,

atmospheric neutrinos will span the L/E range of [0.6, 25484] (km/GeV) which

includes all possible baselines from 15 km to the Earth’s diameter. The INO ICAL
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L (km) L/E (min) L/E (max) α (eV2) exp (−αL/E) exp (−αL/E)
(km/GeV) (km/GeV) (min) (max)

10−3 0.016 0.254
810 270 810 10−4 0.663 0.872

10−5 0.959 0.986
10−6 0.996 0.998
10−3 0 0.14

9700 388 19400 10−4 0 0.82
10−5 0.37 0.98
10−6 0.91 1

Table 4.1: Allowed ranges of L/E in km/GeV for two fixed baselines 810 km and 9700
km with detectable neutrino energies as 1–3 GeV and 0.5–25 GeV respectively. The
maximum and minimum values of exp (−αL/E) for various α values for these L/Es are
also shown.

detector becomes relevant in this context. ICAL can detect neutrinos in the range

0.5–25 GeV [230] and since it is an atmospheric neutrino experiment, it will be

sensitive to a wide range of α values. As seen from Figure 4.1 ICAL should give

a sensitivity to α = 10−6 eV2 also. The sensitivity to low α values come from the

low energy part of the spectrum, while the higher energy parts of the spectrum will

help us rule out larger values of α.

4.2.2 Full three-flavor oscillations with decay in Earth mat-

ter

We perform an exact numerical calculation of the neutrino oscillation probabilities

within the framework of three-generation mixing and invisible decay of ν3. The

oscillation probabilities are computed in the presence of Earth matter assuming

the PREM density profile [231]. The oscillation probabilities Pµµ, Peµ, P̄µµ and P̄eµ

as a function of neutrino energy for the baseline L = 9700 km, for various values

of the decay parameter α3 and θ23 are shown in Figure 4.2. The following values

have been used to generate these.

1. δCP = 0◦
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2. θ12 = 34.08◦; θ23 = 39◦, 45◦, 51◦; θ13 = 8.5◦

3. ∆m2
21 = 7.6× 10−5(eV2); |∆m2

32| = 2.4× 10−3(eV2)

4. α3 = 0, 10−4, 10−3 (eV2)
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Figure 4.2: Oscillation probabilities in matter for α3 = 0, 1 × 10−4 and 1 × 10−3 eV2

and θ23 = 39◦, 45◦ and 51◦, for the baseline L = 9700 km in the energy range Eν =
0.5–25 GeV. (Top-left) Pµµ and (top-right) P̄µµ; (bottom-left) Peµ and (bottom-right)
Pµµ. NH is taken as the true hierarchy. It should be noted that the ranges for the y-axes
are not the same.

First let us consider the effect of α3 alone for a given θ23. The plots for α3 = 0

correspond to the oscillation only case and as the value of α3 increases the effect

of decay becomes prominent which can be seen from the Figure 4.2 . In general

the effect of decay is seen to be more for the lower energy neutrinos. For the decay
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constant α3 = 10−4 eV2, the effect of decay increases and the neutrino probabilities

show significant depletion as compared to the no decay case for neutrino energies

up to ∼ 15 GeV. The presence of decay reduces the oscillation amplitude near

maxima and elevates it near minima. As α3 increases to 10−3 eV2, the survival

probability of the neutrino and anti-neutrinos show a difference over the entire

energy range considered. We also note that the effect of decay is mainly to damp

out the oscillatory behavior in the probabilities. For the large decay case the

oscillatory behavior is seen to be largely washed out. From Figure 4.2 it can be

seen that, the relative change in the oscillation probability due to decay is more for

P̄µµ than Pµµ whereas the relative change in Peµ is more compared to that in P̄eµ.

Hence the contribution to the α3 sensitivity χ2 will be more from anti-neutrino

events in the former case and neutrino events in the latter case. However since

Pµµ and P̄µµ are the dominant channels at ICAL, the major contribution to α3

sensitivity is expected to come from anti-neutrino events in the present study.

Now let us look at the effect of θ23 alone for a given α3 value. The effect of

θ23 is also to vary the oscillation amplitude. In general, Pµµ and P̄µµ decrease with

increase in θ23. However beyond 13 GeV, for α3 = 0 and 10−4 eV2, θ23 = 45◦

gives the lowest probability compared to those for 39◦ and 51◦, though the relative

variation is much less. From the plots in the lower panels of Figure 4.2 we see that

Peµ and P̄eµ increase with θ23, the increase in Peµ is larger than that in P̄eµ. For

all values of θ23, Peµ and P̄eµ decrease.

Since both α3 and θ23 affect the oscillation amplitudes, when combined in the

following way, similar probabilities can be obtained. The combination of θ23 in

the first octant + a larger (smaller) value of α3 will give a probability similar to

that with θ23 in second octant + a smaller (larger) value of α3 for Pµµ and P̄µµ

(Peµ and P̄eµ). Since the event spectrum is dominated by Pµµ and P̄µµ events,

this combined effect will affect the sensitivity/discovery potential to/of α3 and the

precision measurement on θ23 ,which is discussed in Section 4.5.
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4.3 Details of numerical simulations

ICAL will be a 50 kt magnetized iron detector which is optimized for the detection

of atmospheric νµ and ν̄µ. Both νµ (ν̄µ) and νe (ν̄e) fluxes can contribute to the νµ

(ν̄µ) events observed at ICAL. Hence the number of events detected by ICAL will

be :

d2N

dEµd cos θµ
= t× nd ×

∫
dEνd cos θνdφν ×[

Pm
µµ

d3Φµ

dEνd cos θνdφν
+ Pm

eµ

d3Φe

dEνd cos θνdφν

]
× dσµ(Eν)

dEµd cos θµ
,(4.5)

where nd is the number of nucleon targets in the detector, σµ is the differential

neutrino interaction cross section in terms of the energy and direction of the muon

produced, Φµ and Φe are the νµ and νe fluxes and Pm
αβ is the oscillation probability

of να → νβ in matter and in presence of decay. A sample of 1000 years of unoscil-

lated neutrino events are generated using NUANCE-3.5 neutrino generator [232], in

which the Honda 3D atmospheric neutrino fluxes [146] along with neutrino-nucleus

cross-sections and a simplified ICAL detector geometry are incorporated. Each

event is oscillated by multiplying with the relevant oscillation probability includ-

ing decay and oscillations in Earth matter assuming PREM density profile [231].

The probabilities are obtained by solving the propagation equation in matter in

presence of decay. The events are then smeared according to the resolutions and

efficiencies obtained from [10]. These two steps are done on an event by event basis

for the entire 1000 year sample. Both “data” and theory are generated via this

method, “data” with the central values of the parameters as described in Table 4.2

and theory by varying them in their respective 3σ ranges. Afterwards the oscillated

samples of 1000 years of events, both “data” and theory are scaled down to the

required number of years, 10 for our current analysis. This is done to reduce the

effect of Monte-Carlo fluctuations on sensitivity studies.
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In the current analysis, the efficiencies and resolutions of muons in the central

region of the detector [10] have been used over the entire detector. These resolutions

and efficiencies have been obtained by the INO collaboration via detailed detector

simulations using a GEANT4-based [186–188] simulation toolkit for ICAL. The

central region of the ICAL detector [10] has the best efficiencies and resolutions

for muons, the few-GeV muons in ICAL have a momentum resolution of ∼ 10%

and direction resolution of ∼ 1◦ on the average. Their relative charge identification

efficiencies is about ∼ 99%. However, ICAL has two more regions namely the

peripheral [233] and side regions depending on the magnitude and strength of the

magnetic field. The peripheral region which has lesser reconstruction efficiencies

but only slightly worse resolutions compared to the central region, constitutes 50%

of the detector. Hence, in a realistic scenario where the efficiencies and resolutions

in different regions are taken appropriately, the results obtained with 10 years of

running of 50 kt of ICAL will only be obtained by increasing the run time to 11.3

years, as mentioned in [10].

Since the charged current νµ (ν̄µ) interactions have µ− (µ+) in the final state

along with the hadron shower, and since ICAL is capable of measuring the energy

of the hadron shower, we include in our analysis the data on those as well. It was

reported in [10] from ICAL simulations that hadrons in ICAL have energy resolu-

tions of 85% at 1 GeV and 36% at 15 GeV and the events are smeared accordingly

before including them in the final 3D-binned analysis which includes muons binned

in observed energy and direction and hadrons binned in energy. There are 15 bins

in Eobs
µ between (0.5− 25) GeV, 21 bins in cos θobsµ between (−1,+1)and 4 bins in

E ′obshad between (0 − 15) GeV, thus giving 1260 bins. More details of the binning

scheme and the numerical simulations can be found in Ref. [230].

The true values and the 3σ ranges of the oscillation parameters used to generate

the probabilities are given in Table 4.2. Since ICAL is not directly sensitive to δCP,

it is taken as 0◦ in this analysis and kept fixed. The 1-2 oscillation parameters
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∆m2
21 and sin2 θ12 are also kept fixed throughout our analysis. For the remaining

parameters two types of analyses are performed, — one with fixed parameter and

the other with marginalization. In the former all parameters are kept fixed while

in the latter, the parameters other than the one for which the sensitivity study is

done are marginalized in their respective 3σ ranges shown in Table 4.2.

Parameter True value Marginalization range
θ13 8.5◦ [7.80◦, 9.11◦]

sin2 θ23 0.5 [0.39, 0.64]
∆m2

32 2.366× 10−3 eV2 [2.3, 2.6]×10−3 eV2 (NH)
sin2 θ12 0.304 Not marginalized
∆m2

21 7.6× 10−5 eV2 Not marginalized
δCP 0◦ Not marginalized

Table 4.2: Oscillation parameters used in this analysis. For fixed parameter studies
all parameters are kept at their true values. While applying marginalization, only the
parameter for which the sensitivity study is being performed is kept fixed and the others
are varied in their respective 3σ ranges.

To statistically analyze the data, we define the following χ2 function

χ2 =
min
ξ±l , ξ6

N
Eobsµ∑
i=1

N
cos θobsµ∑
j=1

N
E′obs
had∑

k=1

2

[(
T+
ijk −D

+
ijk

)
−D+

ijk ln

(
T+
ijk

D+
ijk

)]
+

2

[(
T−ijk −D

−
ijk

)
−D−ijk ln

(
T−ijk
D−ijk

)]
+

5∑
l+=1

ξ2
l+ +

5∑
l−=1

ξ2
l− + ξ2

6 . (4.6)

Here i, j, k sum over muon energy, muon angle and hadron energy bins respectively.

The number of predicted (theory) events with systematic errors in each bin are

given by

T+
ijk = T 0+

ijk

(
1 +

5∑
l+=1

πl
+

ijkξl+ + π6ξ6

)
;T−ijk = T 0−

ijk

(
1 +

5∑
l−=1

πl
−

ijkξl− − π6ξ6

)
.

(4.7)

The number of theory events without systematic errors in a bin is given by T 0±
ijk and

the observed events (“data”) per bin are given by D±ijk. It should be noted that both

D±ijk and T 0±
ijk are obtained from the scaled NUANCE neutrino events as mentioned

earlier. The following values are taken for the systematic uncertainties [192, 234]:
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π1 = 20% flux normalization error, π2 = 10% cross section error, π3 = 5% tilt

error, π4 = 5% zenith angle error, π5 = 5% overall systematics and π6 = 2.5%

on Φνµ/Φν̄µ ratio. These are included in the analysis via pull method. The “tilt”

error is incorporated as follows. The event spectrum with the predicted values of

atmospheric neutrino fluxes is calculated and then shifted according to the relation:

Φδ(E) = Φ0(E)(
E

E0

)δ ' Φ0(E)(1 + δ ln
E

E0

), (4.8)

where E0 is 2 GeV, and δ is the 1σ systematic tilt error (5%). Flux error is included

as the difference Φδ(E)− Φ0(E).

A prior of 8% at 1σ is added to sin2 2θ13. This is the only prior in this calcu-

lation. No prior is imposed at all on the quantities whose sensitivities are to be

studied, i.e. on α3, θ23 and |∆m2
32|. The contribution from prior to the χ2 is :

χ2
prior =

(
sin2 2θ13 − sin2 2θtrue

13

σ(sin2 2θ13)

)2

, (4.9)

where, σ(sin2 2θ13) = 0.08× sin2 2θtrue
13 . Hence, the final χ2 for ICAL will be :

χ2
ICAL = χ2 + χ2

prior , (4.10)

where χ2 is given by Equation 4.6.

4.4 Sensitivity of ICAL to α3

The results of the sensitivity studies of ICAL to α3 are presented in this section.

We first show how the number of oscillated events change with decay as a function

of zenith angle and energy. Then we proceed further to discuss the sensitivity as

well as the discovery potential of ICAL to neutrino decay and the bound on α3

from our analysis.
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Effect of decay on the number of oscillated events: In Figure 4.3, we show

the zenith angle distribution of the νµ and ν̄µ events for different values of the decay

constant α3. The four panels are for four different energy bins. The convention

used in these plots is such that cos θobsµ = [0, 1] indicates the up-coming neutrinos.

It can be seen from the figure that both νµ and ν̄µ events deplete with an increase

in the value of α3. We also note that the effect of decay is more prominent in the

lower energy bins. With increase in energy, there is no significant effect of decay

on the number of events if the decay parameter is less than 10−4 eV2 as can be

seen from the lower panels.
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Figure 4.3: Oscillated νµ and ν̄µ events for each Eobsµ bin as a function of cos θobsµ for
α3 = 0, 1× 10−5 and 1× 10−4 eV2 . The other parameters are set to their central values
as in Table 4.2. It should be noted that the ranges for the y-axes are not the same. Only
up-coming events (oscillated) are shown here.
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Sensitivity to the decay parameter α3: In this section, first the study of

the sensitivity of ICAL to α3 is presented with 500 kt-yr exposure of the detector

taking normal hierarchy (NH) as the true hierarchy. To that end, we simulate

the prospective “data” for no decay and fit it with a theory of oscillation plus

decay. The corresponding χ2 is shown as a function of α3(test) in the left panel of

Figure 4.4.
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Figure 4.4: Expected sensitivity of ICAL to neutrino decay. The expected χ2 is shown
as a function of α3 (test) eV2 (left panel) and τ3/m3(test) (s/eV) (right panel) with 500
kt-yr exposure of ICAL.

The blue dashed curve is obtained for a fixed parameter fit while the blue solid

one corresponds to the sensitivity when the χ2 is marginalized over all oscillation

parameters as described in Section 4.3. A comparison of the solid and dashed curves

gives us an idea of the impact of marginalization over the oscillation parameters

on the sensitivity of the experiment to decay. From Figure 4.4 it can be seen

that with marginalization of the oscillation parameters, the sensitivity decreases as

expected. The right panel shows the sensitivity to decay in terms of τ3/m3 in s/eV.

The expected sensitivity of ICAL to α3 are shown in Table 4.3. The corresponding

values of τ3/m3 in units of s/eV are also given. Note that by sensitivity limit we

mean the value of α3 (τ3/m3) up to which ICAL can rule out neutrino decay.

The lower bound on τ3/m3 for the invisible decay scenario from MINOS data
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Analysis type ∆χ2 (C.L.) α3 (eV2) τ3/m3 (s/eV)
1 (1σ) 1.65×10−6 3.99×10−10

2.71 (90%) 2.73×10−6 2.39×10−10

Fixed parameters 4 (2σ) 3.37×10−6 1.96×10−10

9 (3σ) 5.19×10−6 1.28×10−10

1 (1σ) 2.13×10−6 3.03×10−10

2.71 (90%) 4.36×10−6 1.51×10−10

Marginalized 4 (2σ) 5.89×10−6 1.12×10−10

9 (3σ) 1.21×10−5 5.66×10−11

Table 4.3: Sensitivity to α3 (eV2) and τ3/m3 (s/eV) with 500 kt-yr exposure of ICAL
assuming NH as the true hierarchy.

was shown to be τ3/m3 > 2.8 × 10−12 (s/eV) at 90% C.L. This corresponds to an

upper limit α3 < 2.35×10−4 eV2. Table 4.3 shows that ICAL is expected to tighten

these bounds by two orders of magnitude with just charged current νµ and ν̄µ

events. At 90% C.L, ICAL with marginalization is expected to give a lower bound

of τ3/m3 > 1.51 × 10−10 (s/eV) which corresponds to α3 < 4.36 × 10−6 eV2. The

bound provided by ICAL is comparable to the limit provided by the global analysis

of full atmospheric data from Super-Kamiokande with long baseline experiments

K2K and MINOS [32].

The expected sensitivity with fixed parameters as well as marginalization for

true IH are shown in Figure 4.5. At 90% C.L, the upper bound on α3 are α3 <

2.78× 10−6 eV2 with fixed parameters and α3 < 5.82× 10−6 eV2 with marginaliza-

tion. These are only slightly worse than the sensitivities obtained with true NH. In

terms of τ3/m3, these limits translate as the lower limits τ3/m3 > 2.42×10−10 s/eV

and τ3/m3 > 1.14 × 10−10 s/eV for the fixed parameter and marginalized cases,

respectively. The expected sensitivity to α3 at different C.L. with true IH is sum-

marized in Table 4.4.

The analysis discussed above gives us the sensitivity to α3 when we fit a “data”

with no decay with a theory which has decay. On the other hand, if neutrinos

indeed decay into sterile components, and if the decay rate is large enough to be

observed in ICAL, we will be able to discover neutrino decay at this experiment.
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Figure 4.5: Bounds on the allowed values of (left) α3 eV2 (right) τ3/m3 (s/eV) with
500 kt-yr exposure of ICAL with IH as true hierarchy. The comparison of results for
fixed parameter and marginalized cases is shown.

Analysis type ∆χ2 (C.L.) α3 (eV2) τ3/m3 (s/eV)
1 (1σ) 1.65×10−6 4.35×10−10

2.71 (90%) 2.78×10−6 2.42×10−10

Fixed parameters 4 (2σ) 3.43×10−6 1.97×10−10

9 (3σ) 5.31×10−6 1.25×10−10

1 (1σ) 2.97×10−6 2.21×10−10

2.71 (90%) 5.82×10−6 1.14×10−10

Marginalized 4 (2σ) 7.82×10−6 8.44×10−11

9 (3σ) 1.58×10−5 4.21×10−11

Table 4.4: Sensitivity to α3 (eV2) and τ3/m3 (s/eV) with 500 kt-yr exposure of ICAL
assuming IH as the true hierarchy.

Therefore, we next estimate how much the decay rate needs to be in order for ICAL

to make this discovery. For this analysis, we simulate the “data” with different

values of α3 and fit it with a theory with no decay. The analysis was done for 500

kt-yr exposure of ICAL for fixed parameters as well as with marginalization of the

undisplayed parameters over their respective 3σ ranges. The results are shown in

Figure 4.6 by the red-dashed curve for the fixed parameter case and the red-solid

line for the marginalized case. However, we find that for the discovery potential,

the marginalization has no effect and gives the same result as the fixed parameter

case. We find that ICAL will be able to discover neutrino decay at the 90% C.L. if

α3 > 2.5×10−6 eV2. We also plot the sensitivity curves, blue dashed (solid) lines for
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the fixed parameter (marginalized) case, in this figure for a comparison between the

‘sensitivity” and “discovery” potential of α3. We can see that the “sensitivity” and

“discovery” limits of ICAL are very similar for fixed parameter analysis. However

for the marginalized case the “discovery potential” is significantly higher than the

“sensitivity” limit and is same as the fixed parameter case.
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Figure 4.6: “Discovery potential” of α3 by ICAL with 500 kt-yr exposure assuming NH
as the true hierarchy, from fixed parameter and marginalized analyses.

The reason why the expected “sensitivity” limit worsens due to marginalization

while the expected “discovery” limit does not can be understood as follows. For the

“sensitivity” analysis we generate the data for no decay and θ23 maximal and fit it

with a theory where α3 6= 0. Since the effect of decay is to reduce the number of

events and suppress the event spectrum for fixed parameter there will be a difference

between the data and the theory giving a higher χ2. For the marginalized case,

this can be compensated to some extent by suitably changing the value of θ23

from maximal and thereby reducing sin2 2θ23, the leading term that controls the

amplitude of oscillations in the case of muon neutrino survival probability. This
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can be seen in Figure 4.7. In this figure the solid line denotes the “data” generated

with α3 = 0 i.e. no decay and θ23 = 45◦ while the dashed (dotted) lines show the

theory events for a non-zero α3 and θ23 = 45◦(38.65◦). We can see that the lower

value of θ23 compensates for the depletion due to decay and can give a lower χ2.

As a result the expected sensitivity drops when the sensitivity χ2 is marginalized

over θ23.
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Figure 4.7: Number of oscillated events per Eobsµ bin from 0.5–25 GeV (left) with α3 =
0 eV2 in “data” and α3 = 1.316×10−5 eV2 in theory; (right) with α3 = 1.316×10−5 eV2

in “data” and α3 = 0 eV2 in theory for the marginalized case. “D” represents data and
“T” represents theory events. The blue histograms are for νµ and the red ones are for ν̄µ
events. The theory events are generated with marginalization of parameters except α3

in their respective 3σ ranges.

On the other hand, for the expected “discovery” limit case we generate the data

for non-zero α3 and maximal mixing and fit it with a theory with no decay. In this

case, the data has events lower than the theory due to decay. This can be seen from

the second panel of Figure 4.7 where the blue (red) solid line denotes the data events

for muon neutrinos (anti-neutrinos). However, unlike the “sensitivity” case, here

one cannot change θ23 to reduce the event spectrum any further to compensate for

the difference between data and theory since maximal mixing already corresponds

to maximal suppression of the muon neutrino survival probability, the leading

oscillation channel for atmospheric neutrinos. As a result, the fit continues to keep

θ23 at its maximal value and marginalization fails to lower the χ2 any further. This
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can also be seen from Figure 4.7 where the dotted line shows the theory events

obtained after marginalization and this is higher than the data events and same as

the fixed parameter case.

4.5 Precision measurement of sin2 θ23 and |∆m2
32|

We next look at the impact of neutrino decay on the precision measurement of the

mixing angle θ23 and the mass squared difference |∆m2
32| at ICAL. A comparison of

the precision measurement in the presence and absence of decay is presented. In the

no decay case both “data” and theory are generated without the decay parameter

and in the case with decay both “data” and theory are generated with non-zero

values of α3. For all results presented in this section, the value α3 = 1× 10−5 eV2

is used to generate the “data”. In the fixed parameter analysis this is kept fixed

in theory and for the marginalized case, the range over which α3 is marginalized is

taken to be α3 = [0, 2.35 × 10−4] eV2 which corresponds to the 90% CL bound

given by the MINOS analysis. The other parameters are kept fixed at their true

values as shown in Table 4.2 for the fixed parameter analyses and varied in the 3σ

ranges as shown in the same table for the marginalized case. The 1σ precision on

a parameter λ is defined as :

p(λ) =
λmax-2σ − λmin-2σ

4λtrue
, (4.11)

where λmax-2σ and λmin-2σ are the maximum and minimum allowed values of λ

at 2σ and λtrue is the true choice.

4.5.1 Precision on sin2 θ23 in the presence of decay

The sensitivity to sin2 θ23 in the presence and absence of ν3 decay is shown in

Figure 4.8. The left panel shows the fixed parameter results whereas the right
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panel shows the results for the marginalized case. For the fixed parameter case, in

the absence of decay, the 1σ precision on sin2 θ23 is ∼ 8.9%. In presence of decay

the 1σ precision is ∼8.6% which is similar to the no decay case. However, it is

important to note that even though the percentage precision is same, the allowed

parameter space is shifted to the right when there is decay, as compared to the no

decay case. The minimum and maximum values of sin2 θ23 at 2σs in the presence

and absence of decay are shown in Table 4.5.

23
θ2sin

0.4 0.45 0.5 0.55 0.6 0.65

IC
A

L

2
χ

∆

0

1

2

3

4

5

6

7

8

9

10

= 0.5­25 GeV, 500 ktonyr, NH, fixed parametersµ
obs

E

Oscillation only

Invisible decay + oscillation, decay in data and theory

23
θ2sin

0.35 0.4 0.45 0.5 0.55 0.6 0.65

IC
A

L

2
χ

∆

0

1

2

3

4

5

6

7

8

9

10

= 0.5­25 GeV, 500 ktonyr, NH, marginalised, decay in data and theoryµ
obsE

2
 = 0 eV

3
αOscillation only, 

2
 eV

­5
 10× = 1 

3
αInvisible decay + oscillation, 

Figure 4.8: Precision on sin2 θ23 in the presence and absence of invisible decay for
(left) fixed parameter case (right) marginalized case. The value of decay parameter α3

in “data” is taken to be 1× 10−5 eV2.

Analysis type sin2 θ23min(2σ) sin2 θ23max(2σ) Precision at 1σ (%)
α3 = 0 eV2 (fp) 0.416 0.594 8.9

α3 = 1× 10−5 eV2 (fp) 0.444 0.616 8.6
α3 = 0 eV2 (marg) 0.416 0.594 8.9

α3 = 1× 10−5 eV2 (marg) 0.401 0.618 10.85

Table 4.5: Minimum and maximum values of sin2 θ23 at 2σ, with and without decay
for fixed parameter and marginalized cases. The relative 1σ precision obtained is also
shown. NH is taken as the true hierarchy.

In order to understand the shift of parameter space, we show in Figure 4.9, the

number of oscillated νµ and ν̄µ events for three different values of θ23 - 39◦, 45◦ and

52◦ and two different α3 - 0 and 1× 10−5 eV2. Here 39◦ and 52◦ are representative

values for lower octant and higher octant respectively. We plot the events as a

function of energy integrating over the zenith-angle bins. From the figures it can
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be seen that both in the absence and presence of decay there are differences between

the number of events for various θ23 values. For the case of no decay this difference

is less as compared to the case where decay is present. Comparing the figures on the

left and right panels one also observes that, the difference between the number of

events for θ23 = 39◦ and 45◦ is more in presence of decay and the curve for θ23 = 45◦

is closer to 52◦. Now, in obtaining the precision plot the data is generated with

true θ23 = 45◦ and in theory the θ23 is kept fixed. For θ23 in the lower octant

the difference of the number of events with that for 45◦ being more in presence of

decay, the χ2 for a θ23 in the lower octant will be higher as compared to the no

decay case. On the other hand, for θ23 in the higher octant the difference in the

number of events with θ23 = 45◦ being less in presence of decay, one gets a lower

χ2 as compared to the no decay case. This explains why the precision curve shifts

towards higher θ23 values.
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Figure 4.9: Oscillated νµ events as a function of Eµ for (left) α3 = 0 eV2 and (right)
α3 = 1× 10−5 eV2 for θ23 = 39, 45 and 52◦.

For the marginalized case, in the presence of decay the overall precision becomes

worse compared to the no decay case. The 1σ precision when decay is present is

∼10.85% whereas for no decay it is ∼8.9%. This can be explained as follows. In

the marginalized case, for only oscillation we are trying to fit the “data” generated

with θ23 = 45◦, varying the other parameters in theory. In this case the θ13 can be
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adjusted to give a slightly lower χ2. In presence of decay we generate the “data”

for a particular non-zero α3 and θ23 = 45◦. But now in theory we vary α3 as well as

the other parameters. For θ23 in the lower octant, the theory events will be higher

than the “data” events as can be seen by comparing the events in the second panel

of Figure 4.9. However, in this case the α3 can be increased to give a better fit

and a lower χ2. On the other hand for θ23 in the higher octant, the data events

are higher than the theory events and α3 can be decreased in theory to match the

data better and give a lower χ2. This explains the widening of the χ2 vs θ23 curve

in presence of decay. Note that this is more for the higher octant because the

difference of the events for θ23 = 45◦ and say 52◦ is less as compared to θ23 in the

lower octant, say 39◦. This gives a lower χ2 thus allowing more θ23 values in the

higher octant.

4.5.2 Precision on |∆m2
32| in the presence of decay

The precision on the magnitude of the mass square difference |∆m2
32| in the presence

and absence of invisible decay of ν3 is presented in Figure 4.10. NH is taken as

the true hierarchy. The relative 1σ precision on |∆m2
32| with oscillations only and

with decay is ∼2.5% for the fixed parameter case. When marginalization is done

this becomes ∼2.6% for both the cases. Thus it can be seen that the presence of

decay does not affect the precision on |∆m2
32| much. This is because decay mainly

affects the amplitude of the oscillations and not the phase which is determined by

|∆m2
32|. The minimum and maximum values of sin2 θ23 at 2σs in the presence and

absence of decay are shown in Table 4.6.
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Figure 4.10: Precision on |∆m2
32| in the absence and presence of invisible decay (left)

fixed parameters (right) with marginalization.

Analysis type |∆m2
32|min(2σ) |∆m2

32|max(2σ) Precision at 1σ (%)
×10−3eV2 ×10−3eV2

α3 = 0 eV2 (fp) 2.252 2.489 2.5
α3 = 1× 10−5 eV2 (fp) 2.249 2.492 2.5
α3 = 0 eV2 (marg) 2.252 2.489 2.6

α3 = 1× 10−5 eV2 (marg) 2.247 2.493 2.6

Table 4.6: Minimum and maximum values of |∆m2
32| at 2σ, with and without decay

for fixed parameter and marginalized cases. The relative 1σ precision obtained is also
shown. NH is taken as the true hierarchy.

4.5.3 Simultaneous precision on sin2 θ23 and |∆m2
32| in the

presence of α3

In this section the expected C.L. contours in the sin2 θ23 − |∆m2
32| plane in the

presence of decay are shown. The results are shown for true NH. A value of decay

parameter α3 = 1 × 10−5 eV2 is taken in “data” and is marginalized in the 3σ

range [0, 2.35 × 10−4] eV2. The other parameters are also marginalized over their

3σ ranges as before. The expected 90% C.L. contour in the sin2 θ23− |∆m2
32| plane

in the presence and absence of decay is shown in Figure 4.11.

It can be seen that the precision worsens in the presence of decay. The contour

widens significantly along the sin2 θ23 axis, more so in the second octant for the

same reason as explained in the context of marginalized case in Figure 4.8. In the

absence of decay the precision on sin2 θ23 at 90% CL is 18.5%. This worsens to
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Figure 4.11: Expected 90% C.L. contour in the sin2 θ23 − |∆m2
32| plane, with and

without decay, for NH. The value of α3 in “data” is taken as 1× 10−5 eV2.

22.3% with a decay parameter α3 = 1×10−5 eV2. The precision on |∆m2
32| worsens

only marginally from the no decay value of 5.35% to 5.46% for the same central

value of α3. This is expected since the decay affects the oscillation amplitude which

in turn affects the precision on sin2 θ23.

4.6 Mass hierarchy sensitivity

We have also studied the effect of invisible decay on mass hierarchy determination

as compared to the no decay [34]. Results are presented for both NH and IH

assuming to be the true hierarchy with fixed and marginalized parameters. For

fixed parameter analysis, both true and test parameters are fixed to their central

values while for marginalized case, test parameters are varied in their 3σ ranges as

given in Table 4.2. While performing the analysis, decay is assumed for both the

hierarchies. The true hierarchy NH (IH) is compared with the opposite IH (NH)

hierarchy to get the sensitivities in presence of decay. The reduction of the number

of events when considering the invisible decay as compared to no decay events affect

90



the overall mass hierarchy sensitivity. The results are shown for αtrue
3 = 10−7, 6×

10−6, 10−5, 2.35 × 10−4 eV2 and are kept fixed for fixed parameter analysis but

varied between α3 = [0:5.84× 10−4] eV2 along with other oscillation parameters in

their respective 3σ range as listed in Table 4.2. No decay results (assumes α3 =

0 eV2 both in data and theory) are also shown for comparison. The variation of

mass hierarchy sensitivity in presence of decay for different values of θ23 is shown

in Figure 4.12 and 4.13 for true hierarchy NH and IH respectively by taking sin2 θ23

= 0.41, 0.5 and 0.63 as representative values.
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Figure 4.12: Neutrino mass hierarchy sensitivity as a function of exposure time of a 50
kt ICAL with true hierarchy NH for fixed parameters (left) and marginalized parameters
(right). Different true values of α3 used are 0, 6 × 10−6, 1 × 10−5 and 2.35 × 10−4 eV 2.
Rows from top to bottom are for true sin2 θtrue23 values of 0.41, 0.5 and 0.63 respectively.

92



Exposure time in years 
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

2

4

6

8

10

12

14

16
2

 = 0 eV
3

α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.41, fixed parameters
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Exposure time in years 
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

2

4

6

8

10

12

14

16

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.41, marginalised
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Exposure time in years
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

5

10

15

20

25
2

 = 0 eV
3

α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.5, fixed parameters
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Exposure time in years 
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

2

4

6

8

10

12

14

16

18

20

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.5, marginalised
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Exposure time in years 
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

5

10

15

20

25

30

35

40

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.63, fixed parameters
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Exposure time in years
6 8 10 12 14 16 18 20

M
H

­I
C

A
L

2
χ

∆

0

5

10

15

20

25

30

35

40

2
 = 0 eV

3
α

2
 eV

­6
 10× = 6 

3
α

2
  eV

­5
 10× = 1 

3
α

2
  eV

­4
 10× = 2.35 

3
α

=0.63, marginalised
23

θ2 =  0.5­25 GeV, sin
µ

obs
IH, E

Figure 4.13: Neutrino mass hierarchy sensitivity as a function of exposure time of a 50
kt ICAL with true hierarchy IH for fixed parameters (left) and marginalized parameters
(right). Different true values of α3 used are 0, 6 × 10−6, 1 × 10−5 and 2.35 × 10−4 eV 2.
Rows from top to bottom are for true sin2 θtrue23 values of 0.41, 0.5 and 0.63 respectively.
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4.7 Summary and Discussions

The expected sensitivity of ICAL to the decay lifetime of the mass eigenstate

ν3, when it decays via the invisible decay mode was presented. The analysis was

performed in the three-generation neutrino oscillation framework including decay as

well as Earth matter effects. The decay was parameterized in terms of α3 = m3/τ3,

where, m3 is the mass and τ3 the lifetime at rest of the mass eigenstate ν3. With

500 kt-yr of exposure, ICAL is expected to constrain the invisible decay rate to

α3 < 4.36×10−6 eV2 at 90% C.L., which is two orders of magnitude tighter than the

bound obtained in [33] for MINOS. In [33] both charged current (CC) and neutral

current (NC) events were considered where as in our study only atmospheric CC

νµ and ν̄µ events were used. For invisible neutrino decay, the NC background will

be less. Hence the sensitivity to α3 is expected to improve.

The effect of decay on the 2–3 oscillation parameters was also studied. Since the

amplitude of oscillations is affected most by the presence of decay, it was found that

decay affected the precision measurement of sin2 θ23. For 500 kt-yrs of exposure

assuming NH as the true hierarchy, the 1σ precision on sin2 θ23 was found to worsen

to 10.85% when α3 = 10−5 eV2 was assumed. This is worse as compared to the

8.87% obtained with oscillation only hypothesis. In the case of |∆m2
32| the 1σ

precision without decay is 2.5% whereas the inclusion of invisible decay does not

affect it at all.

It is also noteworthy that the sensitivity to smaller α3 comes mainly from the

lower energy bins below 2 GeV. Hence, if we can improve the efficiencies and

resolutions of the detector, especially for muons in the lower energy region, we will

be able to put a better limit on α3. Reduction of the energy threshold for the

detection of low energy neutrinos in future will also help probing phenomena like

decay with increased precision. This is important since the atmospheric neutrino

flux peaks at lower energies and by being able to detect and analyze more events
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we will further improve our sensitivities to all parameters including α3.
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Chapter 5

Summary and Future Scope

In this thesis we have studied the possibility of determining the unknown neutrino

oscillation parameters namely mass hierarchy, octant of θ23, CP phase δCP in at-

mospheric and accelerator based long baseline experiments. In particular, we have

considered the synergy between accelerator experiments ESSνSB , T2K , NOνA

and the atmospheric neutrino experiment INO. We have also studied the constraints

on decaying neutrinos from the observations of atmospheric neutrinos at the ICAL

detector of INO. Below we summarize the salient features of each chapter.

First chapter: Introduction In the first introductory chapter of this thesis, we

have introduced the background of neutrino and discussed its properties, different

sources and the world wide experiments that have been conducted including past,

ongoing and future proposed experiments. We have also briefly touched upon the

neutrino oscillation phenomenon in vacuum and matter. Values of the oscillation

parameters from global oscillation analysis have also been summarized.

Second chapter: ICAL detector and neutrino interaction In second chap-

ter of this thesis we have discussed about the massive 50 kt ICAL detector and

its various detector parts and working principles. We have also discussed the com-

ponents of atmospheric flux and their uncertainties. Interaction cross sections of
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neutrinos at various energies with the detector medium has also been discussed in

details.

Third chapter: Mass hierarchy and octant sensitivity of INO in con-

junction with long baseline experiments ESSνSB is a future proposed long

baseline experiment to study the CP violation by focusing on the second oscilla-

tion maximum but has poor hierarchy and octant sensitivity due to the parameter

degeneracies which is an artifact of two different values of the unknown parameters

giving similar number of events. T2K and NOνA are two currently running long

baseline experiments to measure the neutrino oscillation parameters. They also

suffer from parameter degeneracies. We have shown that the combination of neu-

trino and anti-neutrino runs and synergies between atmospheric and long baseline

experiments help in alleviating some of the degeneracies. This helps to increase

the overall sensitivity when neutrino data from INO is combined with the long

baseline experiments ESSνSB , NOνA and T2K . We have presented our results

for four different combinations NH-LO, NH-HO, IH-LO, IH-HO where true value

of θ23 have been chosen as 42◦ and 48◦ as a representative value for LO and HO

respectively. For all the true hierarchy-octant combination, mass hierarchy sensi-

tivity of the combined atmospheric and long baseline experiments mentioned before

can be reach ∼ 5σ. Although, INO suffer from the poor octant sensitivity owing

to the interplay of survival probability and appearance channel but when added to

the other long baseline experiments the overall octant sensitivity can reach ∼ 3σ

irrespective of true hierarchy and δCP when considering lower octant and ∼ 2σ for

higher octant.

Fourth chapter: Neutrino decay Other than probing standard neutrino os-

cillation parameters, INO ICAL detector is also well suited to explore other non

standard physics. In Chapter 4 of this thesis, we have explored the capability of

ICAL detector to constrain neutrino decay hypothesis along with 3 flavour neu-
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trino oscillation. In this work, we have for the first time included 3 flavour matter

effect while assuming the highest mass eigenstate to decay invisibly. The invisible

decay modes of the neutrino does not produce any active neutrinos and therefore

the oscillation amplitude get dampened with a factor e−
αL
E where α = m3

τ3
is the

decay constant with rest frame lifetime τ3 with mass m3. This in turn reduces the

observed neutrino events in the detector. Because of the wide ranges of L
E

in the

atmospheric neutrinos and the capability of detecting muons with energy as low

as 0.5 GeV, INO experiment is well suited to put stringent bounds on the lifetime

of the decaying mass eigenstate. Considering only the charged current interactions

with the detector, INO ICAL detector with 500 kt-yr exposure can put bounds

α3 < 4.36 × 10−6 eV2 with 90% CL which is two orders of improvement than the

MINOS combined charge and neutral current analysis. We have also studied in de-

tails in Chapter 4 how the presence of decay can affect the precision measurements

of the known oscillation parameters. As discussed in details earlier, oscillation

amplitude gets modified in the presence of neutrino decay leaving the oscillation

frequency intact. Thus the oscillation amplitude which is governed by the oscil-

lation parameter θ23 gets correlated with the decay parameter α3 reducing the 1σ

precision of sin2 θ23 to 10.85% as compared to no decay 8.87% for the assumed

decay constant α3 = 10−5 eV2.

We have also shown that mass hierarchy sensitivity of INO get reduced when we

consider neutrino decay as compared to no decay due to the reduction of number

of events. For α = 2.35 × 10−4 eV2, hierarchy sensitivity get reduced by 34% for

NHtrue and 44% for IHtrue from their no decay counterpart.

Future Directions Using synergies between atmospheric and long baseline ex-

periment to put bounds and improving the previous limit on the non standard

physics scenarios will be an interesting topic to work on. In our thesis work we

have considered only the charged current interactions of neutrinos with the ICAL
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detector. With the improvement of the detector resolution and reconstruction effi-

ciencies, neutral current events can also be included to increase the event statistics

which in turn will help to increase the sensitivity of the measured quantities related

to neutrinos.

Neutral current events remain same with or without oscillation but the same is

not true when considering invisible neutrino decay where the total probability of

oscillation does not add up to 1. This opens up an interesting topic to carry out

further research works. In out thesis work we have only considered the decay of

the massive eigen state in active three flavour scenario. The decay of the sterile

neutrinos and putting the bounds on the decay lifetime of the sterile neutrinos in

(3+1) flavour will also be an interesting topic to work on in the future.
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