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Abstract. The upcoming 50 kt magnetized iron calorimeter (ICAL) detector at the India-based Neutrino Observatory
(INO) is designed to study the atmospheric neutrinos and antineutrinos separately over a wide range of energies and
path lengths. The primary focus of this experiment is to explore the Earth matter effects by observing the energy
and zenith angle dependence of the atmospheric neutrinos in the multi-GeV range. This study will be crucial to
address some of the outstanding issues in neutrino oscillation physics, including the fundamental issue of neutrino
mass hierarchy. In this document, we present the physics potential of the detector as obtained from realistic detector
simulations. We describe the simulation framework, the neutrino interactions in the detector, and the expected response
of the detector to particles traversing it. The ICAL detector can determine the energy and direction of the muons to
a high precision, and in addition, its sensitivity to multi-GeV hadrons increases its physics reach substantially. Its
charge identification capability, and hence its ability to distinguish neutrinos from antineutrinos, makes it an efficient
detector for determining the neutrino mass hierarchy. In this report, we outline the analyses carried out for the deter-
mination of neutrino mass hierarchy and precision measurements of atmospheric neutrino mixing parameters at
ICAL, and give the expected physics reach of the detector with 10 years of runtime. We also explore the potential
of ICAL for probing new physics scenarios like CPT violation and the presence of magnetic monopoles.

Keywords. Neutrino physics; atmospheric neutrinos; neutrino experiments; India-based neutrino observatory.
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Preface

The past two decades in neutrino physics have been
very eventful, and have established this field as one
of the flourishing areas of high-energy physics. Start-
ing from the confirmation of neutrino oscillations that
resolved the decades-old problems of the solar and
atmospheric neutrinos, we have now been able to
show that neutrinos have non-zero masses, and differ-
ent flavours of neutrinos mix among themselves. Our
understanding of neutrino properties has increased by
leaps and bounds. Many experiments have been con-
structed and envisaged to explore different facets of
neutrinos, in particular their masses and mixing.

The iron calorimeter (ICAL) experiment at the India-
based Neutrino Observatory (INO) [1] is one of the
major detectors that is expected to see the light of the
day soon. It will have unique features like the abil-
ity to distinguish muon neutrinos from antineutrinos
at GeV energies, and measure the energies of hadrons

in the same energy range. It is therefore well suited
for the identification of neutrino mass hierarchy, the
measurement of neutrino mixing parameters, and many
probes of new physics. The site for the INO has been
identified, and the construction is expected to start
soon. In the meanwhile, the R&D for the ICAL detec-
tor, including the design of its modules, the magnet
coils, the active detector elements and the associated
electronics, has been underway over the past decade.
The efforts to understand the capabilities and physics
potentials of the experiment through simulations are in
progress at the same time.

We present here the status report of our current
understanding of the physics reach of the ICAL, pre-
pared by the Simulations and Physics Analysis Groups
of the INO Collaboration. It describes the framework
being used for the simulations, the expected response
of the detector to particles traversing it, and the results
we expect to obtain after the 50 kt ICAL has been
running for about a decade. The focus of the physics
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analysis is on the identification of the mass hierarchy
and precision measurements of the atmospheric neu-
trino mixing parameters. The feasibilities of searches
for some new physics, in neutrino interactions as well
as elsewhere, that can be detected at the ICAL, are also
under investigation.

The first such report [2] had been published when
the INO was being proposed, and the ICAL Collab-
oration was at its inception. Our understanding of the
detector has now matured quite a bit, and more realistic
results can now be obtained, which have been included
in this report. The work on improving several aspects of
the detector, the simulations, the reconstruction algo-
rithms and the analysis techniques is in progress and
will remain so for the next few years. This review is
thus not the final word, but a work in progress that will
be updated at regular intervals.

In addition to the ICAL detector, the INO facil-
ity is designed to accommodate experiments in other
areas like neutrinoless double beta decay, dark matter
search, low-energy neutrino spectroscopy, etc. Prelim-
inary investigations and R&D in this direction are in
progress. The special environment provided by the
underground laboratory may also be useful to conduct
experiments in rock mechanics, geology, biology etc.
This report focusses mainly on the ongoing physics and
simulation related to the ICAL detector. The details of
other experiments will be brought out separately.

The Government of India has recently (December
2014) given its approval for the establishment of INO.
This is a good opportunity to present the physics
capabilities of the ICAL experiment in a consolidated
form.

Executive summary
The INO and the ICAL detector

The INO is proposed to be built in Bodi West Hills,
in Theni district of Tamil Nadu in South India. The
main detector proposed to be built at the INO is the
magnetized ICAL with a mass of 50 kt. The major
physics goal of ICAL is to study neutrino properties,
through the observation of atmospheric neutrinos that
cover a wide range of energies and path lengths. A spe-
cial emphasis will be on the determination of neutrino
mass hierarchy, by observing the matter effects when
they travel through the Earth. This would be facilitated
through the ability of ICAL to distinguish neutrinos
from antineutrinos.
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Table 1. Specifications of the ICAL detector.

ICAL
No. of modules 3
Module dimension 16 m x 16 m x 14.5m
Detector dimension 48m x 16 m x 14.5m
No. of layers 151
Iron plate thickness 5.6 cm
Gap for RPC trays 4.0 cm
Magnetic field 15T

RPC
RPC unit dimension 2mx2m
Read-out strip width 3cm

No. of RPC units/layer/module 64
Total no. of RPC units ~30,000
No. of electronic readout channels 3.9 x 10°

Table 1 gives the salient features of the ICAL detec-
tor. The active detector elements in ICAL will be the
resistive plate chambers (RPCs). The detector is opti-
mized to be sensitive primarily to the atmospheric
muon neutrinos in the 1-15 GeV energy range. The
structure of the detector, with its horizontal layers of
iron interspersed with RPCs, allows it to have an almost
complete coverage to the direction of incoming neutri-
nos, except for those that produce almost horizontally
travelling muons. This makes it sensitive to a large
range of path lengths L for the neutrinos travelling
through the Earth, while the atmospheric neutrino flux
provides a wide spectrum in the neutrino energy E,,.

ICAL will be sensitive to both the energy and direc-
tion of the muons that will be produced in charged-
current (CC) interactions of the atmospheric muon
neutrinos (and antineutrinos) with the iron target in
the detector. In addition, the fast response time of the
RPCs (of the order of nanoseconds) will allow for a
discrimination of the upward-going muon events and
downward-going ones. (Once the starting point of the
track is identified, the initial hits in the track determine
the initial muon direction accurately.) This direction
discrimination separates the neutrinos with short path
lengths from those with longer ones. Such a separation
is crucial because the neutrino oscillation probability is
strongly dependent on the path length L.

Moreover, as ICAL is expected to be magnetized to
about 1.5 T in the plane of the iron plates, it will be able
to discriminate between muons of different charges,
and hence will be capable of differentiating events
induced by muon neutrinos and muon antineutrinos.
Through this sensitivity, one can probe the difference
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in matter effects in the propagation of neutrinos and
antineutrinos that traverse the Earth before they reach
the detector. This in turn will allow for a sensitivity to
the neutrino mass hierarchy, which is the primary goal
of the ICAL experiment.

The magnetic field is also crucial for reconstruct-
ing the momentum of the muon tracks in the case of
partially contained events. When the muon track is
completely contained inside the detector, the length of
the track can determine the energy of the muon reli-
ably, and the magnetic field plays a supplementary role
of improving the momentum resolution. However, for
the partially contained track events, the bending of the
track in the local magnetic field is crucial to reconstruct
the muon momentum in the energies of interest. The
good tracking ability and energy resolution of ICAL
for muons makes it very well suited for the study of
neutrino oscillation physics through the observation of
atmospheric neutrinos.

In addition, ICAL is also sensitive to the energy
deposited by hadrons in the detector in the multi-GeV
range, a unique property that enables a significant
improvement in the physics reach of ICAL, as will
be clear in this review. In the present configuration,
the sensitivity of ICAL to electrons is very limited;
however, this is still under investigation.

Though the ICAL is yet to be built, its putative prop-
erties have been simulated using the CERN GEANT4
[3] package. The details of these simulations have
been presented in §3. Section 4 presents results on the
response of ICAL to particles traversing through it. The
resultant physics potential of the detector, obtained
from these simulations, is given in later sections, where
we focus on the identification of neutrino mass hierar-
chy, and the precise determinations of the atmospheric
neutrino parameters: |Amgff| and sin® 2613, as well as
the octant of 63. In addition, we also discuss some
novel and exotic physics possibilities that may be
explored at ICAL.

The simulation framework

For the results presented in this review, the atmo-
spheric neutrino events have been generated with the
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NUANCE [4] neutrino generator using the Honda 3d
fluxes [5] for the Kamioka site in Japan. The details
of the fluxes have been presented in §2. The Honda
atmospheric neutrino fluxes at Theni, the INO site, are
expected to be finalized soon and will be used when
available. A preliminary comparison of the fluxes at
the two sites is also presented in Appendix A of this
review. The number of muon track events are expected
to be similar, within statistical errors, for both fluxes,
for energies more than 3 GeV. We, therefore, do not
expect the reach of ICAL, especially for the mass
hierarchy, to change significantly with the use of the
Theni fluxes.

A typical CC interaction of v, in the detector gives
rise to a charged muon that leaves a track, and single
or multiple hadrons that give rise to shower-like fea-
tures. The simulations of the propagation of muons and
hadrons in the detector have been used to determine the
response of the detector to these particles. This leads
to the determination of detection efficiencies, charge
identification efficiencies, calibrations and resolutions
of energies, and directions of the particles. The results
of these simulations are presented in §4.

In order to perform the physics analysis, we gen-
erate a large number (typically, an exposure of
1000 years) of unoscillated events using NUANCE,
which are later scaled to a suitable exposure, and
oscillations are included using a reweighting algo-
rithm. The typical values of oscillation parameters
used are close to their best-fit values, and are given
in table 2. Here Amgff = Am%2 — (Cos2 01, —
cos Scp sin 03 sin 261> tan 923)Am%1 is the effective
value of Am2,, relevant for the two-neutrino analysis
of atmospheric neutrino oscillations [6,7]. The energies
and directions of the relevant particles are then smeared
according to the resolutions determined earlier. This
approach thus simulates the average behaviour of the
measured quantities. ‘At the current stage of simula-
tions, we also assume that the muon track and the
hadron shower can be separated with full efficiency,
and that the noise due to random hits near the signal
events in the short time interval of the event is negli-
gible. While these approximations are reasonable, they
still need to be justified with actual detector, possibly

Table 2. True values of the input oscillation parameters used in the
analyses, unless otherwise specified. For more details, including 3o
limits on these parameters, see table 1.1.

Am3, (eV?)  AmZy (eV?)

sin? 012

sin?6y3  sin®2013  Scp

7.5 %107 2.4 %1073

0.3 0.5 0.1 0°




Pramana — J. Phys. (2017) 88: 79

by collecting data with a prototype. In the meantime,
a complete simulation, which involves passing each of
the generated event through a GEANT4 simulation of
the ICAL detector, is in progress.’

The different analyses then determine the relevant
physics results through a standard x? minimization
procedure, with the systematic errors included through
the method of pulls, marginalizations over the allowed
ranges of parameters, and including information avail-
able from other experiments using priors. The details
of the analysis procedures for obtaining the neutrino
mixing parameters are given in §5, which presents the
results using only the information on muon energy and
angle, as well as the improvement due to the inclusion
of information on hadron energies. Section 6 further
includes combined analyses of the reach of ICAL with
other current and near-future detectors such as T2K and
NOvVA, for the mass hierarchy and neutrino oscillation
parameters. Section 7 discusses the reach of ICAL with
respect to exotic physics possibilities such as the vio-
lation of CPT or Lorentz symmetries, the detection of
magnetic monopoles, etc.

We now list the highlights of the results compiled in
this review. Many of these results have appeared else-
where [8—16]. However, some have been updated with
more recent information.

Detector response to propagating particles

Response to muons

The ICAL detector is optimized for the detection
of muons propagating in the detector, identification
of their charges, and accurate determination of their

0351 :
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0'25}}\ f —+  cos0=0.65
= E N, =t cosO = 0.75
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energies and directions. The energies and directions of
muons are determined through a Kalman filter-based
algorithm. The reconstructed energy (direction) for a
given true muon energy (direction) is found to give a
good fit to the Gaussian distribution, and hence the res-
olution is described in terms of the mean and standard
deviation of a Gaussian distribution. The reconstruc-
tion efficiency for muons with energies above 2 GeV
is expected to be more than 80%, while the charge
of these reconstructed muons is identified correctly
on more than 95% occasions. The direction of these
muons at the point of their production can be deter-
mined to within about a degree. The muon energy
resolution depends on the part of the detector the
muon is produced in, but is typically 25% (12%) at
1 GeV (20 GeV), as can be seen in the left panel of
figure 1 [8].

Response to hadrons

The detector response to hadrons is quantified in terms
of the quantity E{ , = E, — E,, for the CC processes
that produce a muon, which is calibrated against the
number of hits in the detector. The hit distribution for
a given hadron energy is found to give a good fit to the
Vavilov distribution. Hence, E}’lald is calibrated against
the mean of the corresponding Vavilov mean for the
number of hits, and the energy resolution is taken to
be the corresponding value of o. The energy resolu-
tion is shown in figure 1. The complete description of
Vavilov distributions needs a total of four parameters,
the details of which may be found in §4. The presence
of different kinds of hadrons, which are hard to dis-
tinguish through the hit information, is taken care of

1.2F
11 i CC events (w/o oscillations)
1; . G/E ¥ /ndf  13.96/28
= > a 0.742 +0.009
0.9F — &4 fit
F s E b 0.302 +0.004
= 0.8
S~ E
© o7E
0.6
05)
0.4f
b S B U
0'30 5 10 15
/
E, . (GeV)

Figure 1. Left panel shows the momentum resolution of muons produced in the region 0 < ¢ < /4 (see §4.1), as
functions of the muon momentum in different zenith angle bins [8]. Right panel shows the energy resolution of hadrons (see
§4.2) as functions of Ej_;, where events have been generated using NUANCE in different E} ; bins. The bin widths are

indicated by horizontal error bars [9].
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by the generation of events through NUANCE, which
is expected to produce hadrons in the right proportions.
The energy resolution of hadrons is found to be about
85% (36%) at 1 GeV (15 GeV) [9]. The information on
the shape of the hadron shower is not used for extract-
ing hadron energy yet; the work on this front is still in
progress.

Physics reach of ICAL

Sensitivity to the mass hierarchy

In order to quantify the reach of ICAL with respect
to the neutrino mass hierarchy, a specific hierarchy,
normal or inverted, is chosen as the true (input) hier-
archy. The CC muon neutrino events are binned in the
quantities chosen for the analysis, and a x2 analysis
is performed taking the systematic errors into account
and marginalizing over the 3o ranges of the parameters
|Am§ff|, sin? 653, and sin® 260;3. The significance of the
result is then determined as A XIZC AL-mp With which the
wrong hierarchy can be rejected (see §5).

The analysis for mass hierarchy identification using
only the muon momentum information [11] yields
A XIZC ALmy ~ 6.5 with 10 years of exposure of the
50 kt ICAL, as can be seen from figure 2 (black
dashed curve), which also shows (red solid curve)
that a considerable improvement in the physics reach
is obtained if the correlated hadron energy informa-
tion in each event is included along with the muon
energy and direction information; i.e. the binning is
performed in the three-dimensional parameter space
(Eu,costy, E}’Iad). The same exposure now allows
the identification of mass hierarchy with a signifi-
cance of A XIZCAL—MH ~ 9.5 [14] for maximal mix-
ing angle (sin® 63 = 0.5) and sin?260;3 = 0.1. The
significance depends on the actual value of 6»3 and 63,

]
[ NH (true), 50 kt >0
50 —— Eocos0,E, )
= [ —a—— (E“, cos eu)
< |
= T _—1
W10l
< 3o
5-.... R
== 20
o I M [
5 10 15 20

Run-time (years)
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and increases with the values of these mixing angles.
When sin® 63 and sin® 26,3 are varied in their allowed
30 ranges, the corresponding significance varies in the
range A XIZC ALMHa ~ 7-12.

Precision measurements of oscillation parameters

The precision on the measurements of the neutrino
oscillation parameters sin® 63 and |Am%2| is quantified
in terms of A XIZC aL-pM(A), where A is the parameter
under consideration. The precision on the measurement
of 6>3 is essentially a function of the total number of
events, and is expected to be about 12-14%, whether
one includes the hadron energy information or not. The
precision on |Am§2|, however, improves significantly
(from 5.4 to 2.9%) if the information on hadron energy
is included.

Figure 3 shows the comparison of the 10-year reach
of 50 kt ICAL in the sin” 26,3-Am3, plane, with the

4 T T T T T | =
[ommemneee MINOS (Beam + Atmospheric), NH
38 —mim T2K (657 x 10° P.0.T.), NH 90% CL. 3
£ — — SKI-IV) |
& 3.6 E ICAL 500 kt-yr projected reach - E
% 341 . ICAL true point _ -~ \\ E
N’ C
o 32F E
- [
v 3F 1
= F
« %‘ 2.8 :* B
E 26 E
< F
- 24r 4
221 1
2L L - I L

1 1 1 1l
03 035 04 045 05 055 06 065 0.7
s 2
sin” 0,,

Figure 3. The precision reach of ICAL in the sin’ 63—
Am%2 plane, in comparison with other current and planned
experiments [14]. Information on hadron energy has been
included.
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Figure 2. The hierarchy sensitivity of ICAL with input normal (left) and inverted (right) hierarchy including correlated
hadron energy information, with |Am§ff|, sin” 63, and sin® 26,3 marginalized over their 3o ranges [14]. Improvement with

the inclusion of hadron energy is significant.
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current limits from other experiments. It is expected
that the Am%2 precision of ICAL would be much bet-
ter than the atmospheric neutrino experiments that use
water Cherenkov detectors, due to its better energy
measurement capabilities. However, the beam exper-
iments will keep on accumulating more data, and
hence the global role of ICAL for precision measure-
ments of these parameters will not be competitive, but
complementary.

Sensitivity to the octant of 6»3

While the best-fit value for sin® 20>3 is close to maxi-
mal, it is not fully established whether it deviates from
maximality, and if so, whether sin? 6»3 is less than or
greater than 0.5, that is, whether it lies in the first
or second octant. ICAL is sensitive to the octant of
03 through two kinds of effects: one is through the
depletion in atmospheric muon neutrinos (and antineu-
trinos) via the survival probability P, and the other is
the contribution of the atmospheric electron neutrinos
to the observed CC muon events through the oscil-
lation probability P.,. Both effects are proportional
to sin? 2613, but, act in opposite directions, thereby
reducing the effective sensitivity of ICAL to the 63
octant. The reach of ICAL alone for determining the
octant is therefore limited; it can identify the octant to
a 20 significance with 500 kt-yr only if sin® 623 < 0.37
[14]. The information from other experiments clearly
needs to be included in order to identify the octant.

Synergies with other experiments

Neutrino mass hierarchy determination

The ability of the currently running long-baseline exper-
iments like T2K and NOvA to distinguish between the

30
—+— ICAL only (Eu,cos GH,EM) B

25

— ICAL + T2K + NOvA

20

True NH

Ax? (MH)
7

Run-time (years)
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mass hierarchies depends crucially on the actual value
of the CP-violating phase dcp. For example, if §cp is
vanishing, this ability is severely limited. However, if
one adds the data available from the proposed run of
these experiments, a preliminary estimation suggests
that even for vanishing dcp, the mass hierarchy iden-
tification of 30 may be achieved with a run-time as
low as six years of the 50 kt ICAL, for maximal mix-
ing [17]. This can be observed in figure 4. Note that
this improvement in the ICAL sensitivity is not just
due to the information provided by these experiments
on the mass hierarchy, but also due to the improved
constraints on Am%2 and 0,3.

Identifying mass hierarchy at all 5cp values

The large range of path length of the atmospheric neu-
trinos makes ICAL insensitive to the CP phase §cp, and
as a result its reach in distinguishing the hierarchy is
also independent of the actual value of §cp [18]. On
the other hand, the sensitivity of fixed-baseline experi-
ments such as T2K and NOvA is extremely limited if
0 < dcp < m and the true hierarchy is normal. How-
ever, adding ICAL information ensures that the hier-
archy can be identified even in these unfavoured dcp
regions [11]. Of course, in the §cp regions favourable
to the long-baseline experiments, the ICAL data can
only enhance the power of discrimination between the
two hierarchies.

Determination of the CP phase

Though ICAL itself is rather insensitive to dcp, data
from ICAL can still improve the determination of dcp
itself, by providing input on mass hierarchy. This is
especially crucial in the range 0 < §cp < m, precisely
where the ICAL data will also improve the hierarchy
discrimination of NOvA and other experiments [19].

30 e
’s o ICAL only (E cos 6,E )} 55 ]
r | —— ICAL + T2K + NOvA B
— | True IH .
T 20f] | :
> = - B
~ 15 -
N L 4
;> ]
< w0k 85
) e 26,
o e \""1"("\19#":

Run-time (years)

Figure 4. Preliminary results on the hierarchy sensitivity with input normal (left) and inverted (right) hierarchy when ICAL
data are combined with the data from T2K (total luminosity of 8 x 102! protons on target in neutrino mode) and NOvA
(three years running in neutrino mode and three years in antineutrino mode) [17].
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Other physics possibilities with ICAL

ICAL is a versatile detector, and hence can be employed
to test for a multitude of new physics scenarios. For
example, the violation of CPT or Lorentz symme-
try in the neutrino sector [15] can be probed to a
great precision, owing to its excellent energy measure-
ment capability. The passage of magnetic monopoles
through the detector may be looked for by simply look-
ing for slowly moving, undeflecting tracks [16]. Dark
matter annihilation inside the Sun may be constrained
by comparing the flux from the Sun with the flux from
other directions. Many such scenarios are currently
under investigation.

Concluding remarks

A strong and viable physics programme is ready for
ICAL at INO. The simulations based on the incorpora-
tion of the ICAL geometry in GEANT4 suggests that
the detector will have excellent abilities for detection,
charge identification, energy measurement, and direc-
tion determination for charged muons of GeV energies.
The magnetic field enables separation of pu~ from
", equivalently that of v, from ¥, thus increasing
the sensitivity to the difference in matter effects on
neutrino and antineutrino oscillations. It will also be
sensitive to hadrons, an ability that will increase its
physics reach significantly and will offer advantages
over other atmospheric neutrino detectors. Apart from
its main aim of identifying the neutrino mass hierar-
chy, ICAL can also help in precision measurements of
other neutrino mixing parameters, and can probe exotic
physics issues even beyond neutrinos.

1. Introduction

The earth is just a silly ball

To them, through which they simply pass
Like dustmaids through a drafty hall
—John Updike

Many important developments have taken place in
neutrino physics and neutrino astronomy in recent
years. The discovery of neutrino oscillations and con-
sequent inference about the non-vanishing mass of
the neutrinos, from the study of neutrinos from the
Sun and cosmic rays, have had far-reaching conse-
quences for particle physics, astroparticle physics and
nuclear physics. The observation of neutrinos from nat-
ural sources as well as those produced at reactors and
accelerators has given us the first confirmed signals of
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physics beyond the Standard Model of particle physics.
They have also enabled us access to the energy produc-
tion mechanisms inside stars and other astrophysical
phenomena.

Experimental observations of neutrino interactions
began in the mid-1950s at Savannah river reactor by
Reines and Cowan [20] followed by experiments deep
in the mines of Kolar gold fields (KGF) in India [21]
and in South Africa [22]. The pioneering solar neutrino
experiments of Davis and collaborators in the USA
[23,24], the water Cherenkov detector Kamiokande
[25] and its successor the gigantic Super-Kamiokande
(SK) [26,27], the gallium detectors SAGE [28] in
Russia and Gallex [29], GNO [30] at the Laboratorio
National di Gran Sasso (LNGS) in Italy, the heavy-
water detector at the Sudbury Neutrino Observatory
(SNO) in Canada [31,32], the KamLAND [33] and
K2K [34] experiments in Japan, etc. have together con-
tributed in a very fundamental way to our knowledge of
neutrino properties and interactions. The observation
of solar neutrinos has given a direct experimental proof
that the Sun and the stars are powered by thermonu-
clear fusion reactions that emit neutrinos. The recent
results from reactor neutrino experiments, beginning
with Double CHOOZ [35] in France and culminating
in the results from Reno [36] in Korea and Daya Bay
[37] in China, and from accelerator experiments like
MINOS [38], T2K [39], and NOvA [40,41] have fur-
ther revealed properties of neutrinos that not only serve
as windows to physics beyond the Standard Model
of particle physics, but also provide possibilities of
understanding the matter—antimatter asymmetry in the
Universe through the violation of the charge-parity
(CP) symmetry in the lepton sector.

Impelled by these discoveries and their implications
for the future of particle physics and astrophysics,
plans are underway worldwide for new neutrino detec-
tors to study open issues such as the hierarchy of
neutrino masses, the masses themselves, the extent of
CP violation in the lepton sector, the Majorana or Dirac
nature of neutrinos, etc. This involves R&D efforts for
producing intense beams of neutrinos at GeV energies,
suitable detectors to detect them at long-baseline dis-
tances, and sensitive neutrinoless double beta decay
experiments. A complementary approach to these is the
use of atmospheric neutrinos, whose fluxes are more
uncertain than beam neutrinos, but which provide a
wider range of energies, and more importantly, a wider
range of baselines.

The INO is one such proposal aiming to address
some of the challenges in understanding the nature of
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neutrinos, using atmospheric neutrinos as the source.
The unique feature of ICAL, the main detector in INO,
will be its ability to distinguish neutrinos from antineu-
trinos, which enables a clearer distinction between the
matter effects on neutrinos and antineutrinos travelling
through the Earth, leading to the identification of neu-
trino mass hierarchy. In this section, we shall introduce
the INO laboratory, the ICAL detector, and describe the
role of such a detector in the global context of neutrino
physics experiments.

1.1 The ICAL detector at the INO facility

1.1.1 Neutrino experiments in India: Past and present.
Underground science in India has a long history. The
deep underground laboratory at KGF, where Indian sci-
entists conducted many front-ranking experiments in
the field of cosmic rays and neutrinos, was a pioneer-
ing effort. The KGF mines are situated at about 870
m above sea level near the city of Bengaluru in South
India. It has a flat topography around the area sur-
rounding the mines. The mines have extended network
of underground tunnels which permitted experiments
up to a depth of 3000 m below the surface. Initially,
attempts were made to find the depth variation of
muon fluxes starting from the surface up to the deep-
est reaches. The absence of any count around a depth
of 8400 hg/cm? leads to the conclusion that the atmo-
spheric muon intensity is attenuated to such a level
where one could search for very weak processes like
the interactions of high-energy neutrinos. This was in
the beginning of the sixties when very little was known
about the interaction of neutrinos at high energies (>a
few GeV) from accelerators, and that too with only
muon neutrino beams. Nothing was known about the
electron neutrino or antineutrino interactions.

Thus began the neutrino experiments in KGF in the
early sixties, conducted by a collaboration consisting
of groups from Durham University (UK), Osaka City
University (Japan), and TIFR in India. The techniques
used were perfected during the years of muon exper-
iments and involved a basic trigger with scintillation
counters and neon flash tubes (NFT) for tracking detec-
tors initially. Seven such detectors were placed in a
long tunnel at a depth of 2.3 km, in the Heathcote shaft
of Champion reef mines, in three batches over a period
of two years starting from the end of 1964 [42].

The first ever atmospheric neutrino event recorded
underground was in early 1965 [21]. Two well-defined
tacks emerging from the rock in an upward direc-
tion indicated unambiguously a clear inelastic neutrino
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event. Later, this collaboration put together the first
experiment that searched for proton decay. Nature did
not oblige and experiments are still looking for pro-
ton decay. The KGF laboratory operated for nearly four
decades, almost till the end of 1980s, collecting data on
atmospheric muon and neutrino interactions at various
depths, starting from about 300 m all the way down to
2700 m. In the process they also detected some anoma-
lous events which could not be attributed to neutrinos at
depths around 2000 m [43—-45]. Such events have nei-
ther been proved wrong nor have they been confirmed
by other experiments.

The INO project, the discussions about which were
formally held first in the Workshop on High Energy
Physics Phenomenology (WHEPP-VI) in Chennai
[46], is an ambitious proposal to recapture this pio-
neering spirit and do experiments in neutrino physics
at the cutting edge. The immediate goal of INO project
is the creation of an underground laboratory which
will house a large magnetized iron calorimeter (ICAL)
detector to study the properties of naturally produced
neutrinos in the Earth’s atmosphere. Apart from exper-
iments involving neutrinos, in the long term, the lab-
oratory is envisaged to develop into a full-fledged
underground laboratory for studies in physics, biology,
and geology as well. The INO is the first basic science
laboratory planned on such a large scale in India.

1.1.2 Location and layout of the INO. The INO will
be located at the Bodi West Hills (BWH), near Pottipu-
ram village, in the Theni district of Tamil Nadu, India.
The site has been chosen both for geotechnical reasons
as well as from environmental considerations. It is near
the historic city of Madurai, as shown in figure 1.1.
Madurai is about 120 km from the INO site, and will
also be the location for the Inter-Institutional Centre
for High Energy Physics (IICHEP), where activities
related to the INO will be carried out. The figure shows
the location and also the features of the local terrain.
The construction of the laboratory below the Bodi Hills
involves building a horizontal tunnel, approximately
1900 m long, to reach the laboratory that is located
under a mountain peak. One large and three small labo-
ratory caverns are to be built with a rock burden of 1000
m or more all around (with a vertical overburden of
~1300 m) to house the experiments. The reduction of
cosmic ray background at this site is almost the same as
at the Gran Sasso Laboratory, as can be seen from the
bottom right panel, which shows the cosmic ray muon
flux as a function of depth, with the locations of other
major laboratories.
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Figure 1.1. The location of the INO site and the nearby major landmarks. The IICHEP is located about 120 km east of the
INO site, in the city of Madurai, as shown in the top right panel. The photo in the bottom right panel shows the view of the
hill under which the cavern will be located. The terrain is totally flat with minimal undergrowth as seen in the picture (Photo:
M V N Murthy). The photo is taken before the start of any construction. The bottom left panel shows the suppression in
intensity of atmospheric muon flux at various underground sites, compared to the INO cavern [2].

In addition to the main iron calorimeter (ICAL)
detector whose prime goal is the determination of the
neutrino mass hierarchy, the laboratory is designed to
accommodate experiments in other areas like neutrino-
less double beta decay, dark matter search, low-energy
neutrino spectroscopy, etc. Preliminary investigations
and R&D in this direction are in progress. The special
environment provided by the underground laboratory
may also be useful to conduct experiments in rock
mechanics, geology, biology etc.

The present configuration of the laboratory caverns
is shown in figure 1.2. The largest cavern that will
house the main iron calorimeter detector (ICAL) is
132 m (L) x 26 m (W) x 32.5 m (H). This cavern,
called ‘UG-Lab 1’, is designed to accommodate a 50 kt
ICAL (planned) and a second possible ICAL-II neu-
trino detector of equal size. Each ICAL consists of
three modules with dimensions of 16 m (L) x 16 m (W)

L
i ]l i —

el

L . e e L~

Figure 1.2. The layout of the underground caverns
showing footprints of the proposed experiments and other
components.

x 14.5 m (H), so that the total footprint of both the
detectors would be 96 m (L) x 16 m (W). Figure 1.2
shows three modules of the 50 kt ICAL.
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Figure 1.3. Schematic view of the 50 kt ICAL detector.

1.1.3 The ICAL detector. The ICAL detector is simi-
lar in concept to the earlier proposed Monolith [47,48]
detector at Gran Sasso. The layout of the proposed
ICAL detector is shown in figure 1.3. The detector
will have a modular structure of total lateral size
48 m x 16 m, subdivided into three modules of area
16 m x 16 m. It will consist of a stack of 151 hori-
zontal layers of 5.6 cm thick magnetized iron plates
interleaved with 4 cm gaps to house the active detector
layers, making it 14.5 m high. Iron spacers acting as
supports will be located every 2 m along both X and Y
directions; the 2 m wide roads along the transverse (Y)
direction will enable the insertion and periodic removal
of RPCs, when required.

The active detector elements, the resistive plate
chambers (RPCs) made up of a pair of 3 mm thick
glass plates of 2 m x 2 m area separated by 2 mm spac-
ers, will be inserted in the gaps between the iron layers.
These will be operated at a high voltage of about 10 kV
in avalanche mode. A high-energy charged particle,
passing through the RPCs, will leave signals that will
be read by orthogonal X and Y pickup strips, about
3 ¢cm wide, one on each side of an RPC. Detailed R&D
has shown that the RPCs have an efficiency of around
90-95% with a time resolution of about a nanosecond.
This will allow the determination of the X and Y coor-
dinates of the track of the charged particles passing
through the RPC. The layer number of the RPC will
provide the Z coordinate. The observed RPC time res-
olution of ~1 ns will enable the distinction between
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upward-going particles and downward-going particles.
From the hit pattern observed in the RPCs, the energies
as well as directions of the charged particles produced
in the neutrino interactions can be reconstructed.

Each module will have two vertical slots cut into it
to enable current-carrying copper coils to be wound
around as shown in figure 1.3. Simulation studies [49]
have shown that the iron plates can be magnetized to
a field strength of about 1.5 T, with fields greater than
1 T over at least 85% of the volume of the detector.
The bending of charged particles in this magnetic field
will enable the identification of their charge. In par-
ticular, the sign of the charge of the muon produced
by neutrino interactions inside the detector will help in
identifying and studying the v,- and v, -induced events
separately. The magnetic field will also help measuring
the momentum of the final-state particles, especially
the muons.

With about 14,000 iron plates of 2 m x 4 m area
and 5.6 cm thickness, 30,000 RPCs of 2 m x 2 m area,
4,000,000 electronic readout channels, and a magnetic
field of 1.5 T, the ICAL is going to be the largest
electromagnet in the world, and is expected to play a
pivotal role in our understanding of neutrino properties.

1.2 Role of ICAL in neutrino mixing and beyond

In this section, we briefly discuss our present under-
standing of neutrino oscillation parameters and identify
the fundamental issues in the neutrino sector that can
be addressed by the ICAL detector.

1.2.1 Current status of neutrino mixing parameters.
The neutrino flavour states |vy) (Where @ = e, i, T) are
linear superpositions of the neutrino mass eigenstates
|v;) (withi =1, 2, 3), with masses m;:

va) =) Uailvi).

(1.1

Here U is the 3 x 3 unitary mixing matrix. A phys-
ically motivated form of the mixing matrix that is
conventionally used is [50-52]

i8

$23C13 |
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where ¢;; = cos0;j, s;j = sin6;; and § denotes the
CP-violating (Dirac) phase, also called écp. Note that
the Majorana phases are not included in the above
parametrization, because they do not play a role in
neutrino oscillation experiments.

The probability of an initial neutrino v, of flavour
a and energy E being detected as a neutrino vg of
the same energy but with flavour B after travelling a
distance L in vacuum is

Pop = 8up —4 Y Rel[UyiUj;Uz;Ugjlsin®(Aj))
i>j
+2 ) Im[Uai U, U Upjlsin2A),  (1.2)

i>j

where Ajj = 1.27Am7;(eV?)x L(km)/E(GeV), with
Amiz. =ml.2—m? the mass squared differences between
the ith and the jth neutrino mass eigenstates. Oscilla-
tion measurements are not sensitive to the individual
neutrino masses, but only to their mass-squared differ-
ences. Note that the above expression is valid only for
propagation through vacuum. In matter, the probabili-
ties are drastically modified. The relevant expressions
may be found in Appendix B.

The neutrino flavour conversion probabilities can be
expressed in terms of the two mass squared differences,
the three mixing angles, and the single CP-violating
phase. Also of crucial importance is the ‘mass order-
ing’, i.e., the sign of Am%2 (the same as the sign of
Am%l). While we know that Am%1 is positive so as to
accommodate the observed energy dependence of the
electron neutrino survival probability in solar neutrino
experiments, at present Am%2 is allowed to be either
positive or negative. Hence, it is possible to have two
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patterns of neutrino masses: m3 > my > m1, called nor-
mal ordering, where Am%2 is positive, and my > m| >
m3, called inverted ordering, where Am%2 is negative.
Determining the sign of Am%2 is one of the prime goals
of the ICAL experiment. Note that, though the ‘mass
ordering’ is perhaps the more appropriate term to use in
this context, the more commonly used term in literature
is ‘mass hierarchy’. In this report, therefore, we shall
use the notation ‘normal hierarchy’ (NH) to denote nor-
mal ordering, and ‘inverted hierarchy’ (IH) to denote
inverted ordering. The word ‘hierarchy’ used in this
context has no connection with the absolute values of
neutrino masses.

Table 1.1 summarizes the current status of neutrino
oscillation parameters [53,54] based on the world neu-
trino data that was available after the NOW 2014 con-
ference. The numbers given in table 1.1 are obtained
by keeping the reactor fluxes free in the fit and also
including the short-baseline reactor data with L <
100 m [53,54].

Table 1.1 also provides the relative 1o precision on
the measurements of these quantities at this stage (here
the 1o precision is defined as 1/6th of the +=30 varia-
tions around the best-fit value). The global fit suggests
the best-fit value of Am%1 = 7.5 x 1073 eV? with a
relative 1o precision of 2.4%. In a three-flavour frame-
work, we have the best-fit values of Am%l = 242 x
1073 eV for NH and Am3, = —2.41 x 1073 eV? for
IH. A relative 1o precision of 2.5% has been achieved
for the atmospheric mass-squared splitting.

As far as the mixing angles are concerned, 61, is
now pretty well measured with a best-fit value of
sin?0;, = 0.3 and a relative 1o precision of 4% has
been achieved for the solar mixing angle. Our under-
standing of the atmospheric mixing angle 6,3 has also

Table 1.1. The values of neutrino oscillation parameters used for the analyses in
[53]. The second column shows the central values of the oscillation parameters. The
third column depicts the 30 ranges of the parameters with the relative 1o errors
being listed in the last column. Note that the parameter Am%l (Am%z) is used while
performing the fit with normal (inverted) hierarchy. The current best-fit values and
allowed ranges of these parameters may be found in [54-56].

Relative

Parameter Best-fit values 30 ranges lo precision
Am§1 (eV?) 7.5 x 107 [7.0, 8.1] x 107 2.4%
Am3, (eV?) 246 x 1073 (NH)  [2.32, 2.61] x 107 (NH) 2.0%
Am3, (eV?)  —245x 1073 (IH)  —[2.59, 2.31] x 1072 (IH) 1.9%
sin® 012 0.3 [0.27, 0.34] 4.4%
sin? 63 0.45 (NH), 0.58 (IH) [0.38, 0.64] 8.7%
sin’ 613 0.022 [0.018, 0.025] 5.3%
scp (°) 306 [0, 360] -
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improved a lot in recent years. Combined analysis of
all the neutrino oscillation data available so far dis-
favours the maximal mixing solution for 653 at ~1.50
confidence level [53,54,57-59]. This result is mostly
governed by the MINOS accelerator data in v, and
v, disappearance modes [60]. The dominant term in
v, survival channel mainly depends on the value of
sin? 2653. Now, if sin® 26,3 turns out to be different
from 1 as suggested by the recent oscillation data, then
it gives two solutions for sin? 6»3: one whose value is
less than half, known as the lower octant (LO) solu-
tion and the other whose value is greater than half,
known as the higher octant (HO) solution. This cre-
ates the problem of octant degeneracy of 6,3 [61]. At
present, the best-fit value of sin? 6»3 in LO (HO) is 0.45
(0.58) assuming NH (IH). The relative 1o precision on
sin 63 is around 8.7% assuming maximal mixing as
the central value. Further improvement in the knowl-
edge of 6»3 and settling the issue of its octant (if it turns
out to be non-maximal) are also important issues that
can be addressed by observing atmospheric neutrinos.

For many years, we only had an upper bound on
the value of the 1-3 mixing angle [62—-65]. A non-
zero value for this angle has been discovered rather
recently [35-37,66,67], with a moderately large best-
fit value of sin® 83 = 0.022, which is mostly driven by
the high-statistics data provided by the ongoing Daya
Bay reactor experiment [37,67]. It is quite remarkable
that already we have achieved a relative 1o precision of
5.3% on sin® 013. On the other hand, the whole range
of Scp is still allowed at the 30 level.

1.2.2 Unravelling three-neutrino mixing with ICAL.
As has been discussed earlier, the main advantage of a
magnetized iron calorimeter is its ability to distinguish
w* from ™, and hence to study v, and v, separately.
This allows a cleaner measurement of the difference
in the matter effects experienced by neutrinos and
antineutrinos. However, this difference depends on the
value of 013. The recent measurement of a moderately
large value of 63 therefore boosts the capability of
ICAL for observing these matter effects, and hence
its reach in addressing the key issues related to the
neutrino masses and mixing. In this section, we shall
highlight the role that an iron calorimeter like ICAL
will have in the context of global efforts to measure
neutrino mixing parameters.

The moderately large 613 value has opened the door
to the fundamental measurements of (i) the neutrino
mass ordering, (ii) the deviation of 2-3 mixing angle
from its maximal value and hence the correct octant
of 6»3, and (iii) the CP phase dcp and to look for
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CP violation in the lepton sector, for several exper-
iments which would have had limited capability to
address these questions had this parameter been signif-
icantly smaller. Central to all these measurements are
effects which differ between neutrinos and antineutri-
nos. These could either be matter-related effects which
enhance or suppress the oscillation probabilities (rel-
evant for (i) and (ii) above), or those induced by a
non-zero value of §cp (relevant for (iii)). The ICAL will
be sensitive to the matter effects, but will have almost
no sensitivity to the actual value of §cp.

Prior to summarizing the role of ICAL, it is use-
ful to mention several other experiments which are
underway or will come online in the next couple of
decades with the aim of making the three important
measurements mentioned above. The T2K experiment
has observed electron neutrino appearance in a muon
neutrino beam [66], thus showing a clear evidence
of neurino oscillations. The accelerator-based long-
baseline beam experiments NOvA [68—70] has already
started taking data that will be sensitive to mass hierar-
chy, and the first results have been presented [41]. The
IceCube DeepCore experiment has also recently [71]
published their results on atmospheric neutrino oscil-
lations. Future large atmospheric neutrino detectors on
the cards are Hyper-Kamiokande (HK) [72], Precision
IceCube Next-Generation Upgrade (PINGU) [73] and
Oscillation Research with Cosmics in the Abyss (ORCA)
[74]. The Deep Underground Neutrino Experiment
(DUNE) [75], a combined initiative of the earlier
Long-Baseline Neutrino Experiment (LBNE) [76,77] and
Long-Baseline Neutrino Oscillation (LBNO) [78-80]
Collaborations, is also slated to aim at the mass hierar-
chy identification. Additionally, the medium-baseline
reactor oscillation experiments [81], JUNO [82], and
RENO-50 [83] aim to determine the hierarchy by per-
forming a very precise, high statistics measurement of
the neutrino energy spectrum. The CP phase §cp can
be measured (in principle) by accelerator experiments
like T2K [84,85], NOvA [85-88], T2HK [72], and
DUNE [75]. These experiments, if they run in both
the neutrino and the antineutrino modes, would addi-
tionally be sensitive to the octant of 6,3 [89,90], and
so would the large-mass atmospheric experiments like
ICAL [14] and Hyper-K [91].

The ICAL detector at the INO cavern will provide
an excellent opportunity to study atmospheric neutri-
nos and antineutrinos separately with high detection
efficiency and good enough energy and angular res-
olutions in the multi-GeV range in the presence of
the Earth’s matter effect. There is no doubt that the
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rich dataset which would be available from the pro-
posed ICAL atmospheric neutrino experiment will be
extremely useful to validate the three-flavour picture of
the neutrino oscillation taking into account the Earth’s
large matter effect in the multi-GeV range. The first
aim of the ICAL detector would be to observe the oscil-
lation pattern over at least one full period, in order to
make a precise measurement of the atmospheric oscil-
lation parameters. The ICAL detector performs quite
well in a wide range of L/FE and can confirm the evi-
dence of the sinusoidal flavour transition probability
of neutrino oscillation already observed by the Super-
Kamiokande detector by observing the dips and peaks
in the event rate vs. L /E [92], as well as by the IceCube
DeepCore [71]. In the case of Super-Kamiokande, the
sub-GeV events have played an important role to per-
form this L/E analysis, while for IceCube the very
high energy events (E 2 10 GeV) have contributed
significantly. The ICAL detector is sensitive mainly to
the energy range 1-10 GeV, which fills the gap between
the other two large Cherenkov detectors. In its initial
phase, the ICAL experiment will also provide an inde-
pendent measurement of 913 by exploring the Earth’s
matter effect using the atmospheric neutrinos. This will
certainly complement the ongoing efforts of the reac-
tor and the accelerator experiments to learn about the
smallest lepton mixing angle 6;3.

The relevant neutrino oscillation probabilities that
the ICAL will be sensitive to are: Py, P, Pey, and
Psj, especially the first two. These probabilities have
rich structures for neutrinos and antineutrinos at GeV
energies, travelling through the Earth for a distance of
several thousands of km (for a detailed description, see
Appendix B). The matter effects on these neutrinos and
antineutrinos lead to significant differences between
these oscillation probabilities, which may be probed
by a detector like ICAL that can distinguish neutri-
nos from antineutrinos. This feature of ICAL would
be instrumental in its ability to distinguish between the
two possible mass hierarchies.

Detailed simulations of the ICAL detector perfor-
mance, as discussed in the following sections, show
that ICAL will be an excellent tracker for muons.
The energy and direction of a muon would also be
reconstructed rather accurately, with the muon direc-
tion resolution of better than a degree at high ener-
gies. Furthermore, the capability of ICAL to study
the properties of the final-state hadrons in multi-GeV
neutrino interactions will be one of its unique fea-
tures. This will allow the reconstruction of the neutrino
energy in every event, albeit with large error. (Note that
the extraction of hadronic information at multi-GeV
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energies in currently running or upcoming water or
ice-based atmospheric neutrino detectors is quite chal-
lenging; the efficiency of reconstruction of multiring
events is rather small in such detectors.) As a result, the
ICAL would have a significant stand-alone sensitivity
to the mass hierarchy, which, when combined with data
from experiments like NOvA and T2K, will signifi-
cantly enhance the overall sensitivity to this important
quantity.

Although the ICAL will not be sensitive to the value
of §cp, this very feature will make it an important
supporting experiment for others that are sensitive to
dcp, in a unique manner. Note that in experiments
where event rates are sensitive simultaneously to both
matter and CP phase effects, disentangling one from
the other restricts the sensitivities to individual and
unambiguous measurements of each of the three quan-
tities (i), (ii), and (iii) mentioned above. The virtue
of ICAL here will lie in its ability to offer a dataset
that is free of entanglements between matter enhance-
ments and dynamical CP-violating effects due to a
non-zero Scp. Thus, when used in combination with
other experiments, the ICAL measurements will facili-
tate the lifting of degeneracies which may be present
otherwise. In particular, the ICAL data, when com-
bined with that from NOvA and T2K, will make a
significant difference to their discovery potential of CP
violation [19].

1.2.3 Addressing new physics issues with ICAL. The
complete role of an iron calorimeter in the global
scenario of neutrino physics is rich and complex. In
addition to what is described here, it can add to our
knowledge on very high-energy muons [93,94] on hith-
erto undiscovered long-range forces [95], on CPT vio-
lation [15,96] and on non-standard interactions [97],
among other issues. The future of neutrino physics is,
in our opinion, crucially dependent on the synergistic
combination of experiments with differing capabili-
ties and strengths. A large iron calorimeter brings
in unique muon charge identification capabilities and
an event sample independent of the CP phase. Both
these aspects will play important roles in our concerted
global effort to understand the mysteries of neutrino
physics and consequently understand physics beyond
the Standard Model.

Though the ICAL has been designed mainly with
neutrino physics in view, it is expected that many non-
neutrino issues may find relevance with this detector.
For example, a few decades ago, both in the cos-
mic ray neutrino experiments [43,44] and later in the
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proton decay experiment [45] at KGF in South India,
some unusual events were seen. These so-called Kolar
events were multitrack events with some unusual fea-
tures which could not be explained away by any known
processes of muons or neutrinos. Recently, it has been
speculated that such events may be caused by the decay
of unstable cold dark matter particles with mass in the
range of 10 GeV with a lifetime approximately equal
to the age of the Universe [98]. Such an interpreta-
tion may be easily tested with ICAL at INO, even
without further modifications [99]. Signals of dark
matter annihilation inside the Sun can also be detected
at ICAL. The possible observation of GUT monopoles
is another such issue that can be addressed at ICAL
with its current set-up.

2. Atmospheric neutrino fluxes

Everything is in a state of flux, Even the status quo.
—Robert Byrne

2.1 Introduction to atmospheric neutrinos

Atmospheric neutrinos are produced in the interac-
tions of cosmic ray with the nuclei of air molecules in
the atmosphere. The first report of cosmic ray-induced
atmospheric neutrinos was from the deep underground
laboratories at KGF in India by TIFR, Osaka Univer-
sity, and Durham University [21], and immediately
afterwards by Reines et al [22] in an experiment con-
ducted in South African mines in 1965. Atmospheric
neutrinos have been studied since then in several other
underground laboratories, and important discoveries
such as the evidence for neutrino oscillations [27], have
been made. We shall briefly review the atmospheric
neutrinos in this section.

Primary cosmic rays are high-energy particles
impinging on the Earth from galactic and extragalac-
tic sources. Their origins are still clouded in mystery.
In the GeV energy range, the cosmic ray particles
are mainly made up of protons and about 9% helium
nuclei, with a small fraction of heavy nuclei. Although
the energy spectrum of cosmic rays extends to very
high energies, beyond even 10'0 GeV, it falls rapidly
as energy increases. When cosmic rays enter the atmo-
sphere, interactions with the nuclei in air molecules
produce secondary particles. These secondary parti-
cles are mainly pions with a small admixture of kaons.
These mesons decay mainly to muons and their associ-
ated neutrinos following the decay chain

Tt > Mi + (W),

pE = e® 5,0, + ve(e). (2.1)
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Kaons also decay in a similar manner producing the
two neutrino flavours, but their contribution to the
atmospheric neutrino flux is small compared to the
pions for neutrinos of a few GeV. We call the neutri-
nos produced in this manner as atmospheric neutrinos.
It may be noted that only the v, and v, neutrinos,
along with their antiparticles, are produced in the
atmosphere. The flux of v, requires the production of
mesons with heavy quarks, and as a result their flux
is extremely small and we do not consider these neu-
trinos here. A schematic illustration of this cascading
neutrino production is shown in figure 2.1.
From eq. (2.1) it is clear that the ratio

R= 20O
®(ve) + O ()

where ® denotes the flux of neutrinos. The ratio is only
approximate, because at high energies, muon may not
decay before reaching the surface of the Earth. It, how-
ever, remains greater than 2, which may be observed
from figure 2.2. The figure displays the direction-
integrated neutrino fluxes in various models, as well
as the ratios of fluxes of different kinds of neutrinos.

An important property of the atmospheric neutrino
flux is that it is symmetric about a given direction on
the surface of the Earth, that is

2, 2.2)

o, (E,cos0) = P ,(E, —cosb), 2.3)

where 6 is the zenith angle. This result is robust above
3 GeV, though at lower energies the geomagnetic effects
result in deviations from this equality. Therefore, at
higher energies, any asymmetry in the fluxes of the
upward-going and downward-going neutrinos can be

Figure 2.1. A schematic illustration of the production of
neutrinos due to cosmic rays.
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Figure 2.2. The direction integrated neutrino fluxes in various models are shown on the left panel. The ratios of fluxes of
different neutrino species as functions of energy are shown on the right panel. Figures are reproduced from Honda et al [5],
based on the analysis of cosmic ray neutrino fluxes from [100], [101] and [102].

attributed to the flavour changes during propagation.
Even at lower energies, large deviations from the above
equality are not expected, except from neutrino oscil-
lations. This up—down asymmetry is thus the basis of
atmospheric neutrino analysis, and it was effectively
used by the Super-Kamiokande Collaboration to estab-
lish the first confirmed signal of neutrino oscillations
[27]. Of course detailed analyses need the calculations
of atmospheric neutrino fluxes as functions of energies,
zenith angles as well as azimuthal angles.

The atmospheric neutrinos not only provide neutri-
nos in two distinct flavours, but also over a whole range
of energies from hundreds of MeV to TeV and beyond.
Yet another advantage over the conventional acceler-
ator neutrino beams is the fact that the atmospheric
neutrinos traverse widely different distances in differ-
ent directions: from ~10 km on the way downwards to
more than 12000 km on the way upwards through the
centre of the Earth. They also traverse matter densi-
ties varying from very small (essentially air) to almost
13 g/cc when passing through the Earth’s core.

These facts make the analysis of atmospheric neutri-
nos not only interesting but also unique. The ICAL is
expected to exploit the advantages of the freely avail-
able atmospheric neutrino flux, not only to explore the
neutrino oscillation parameters but also to determine
the hierarchy of neutrino masses, and perhaps probe
new physics.

2.2 Calculations of atmospheric neutrino fluxes

The neutrino oscillation studies with atmospheric neu-
trinos can be put on a firm foundation provided the
atmospheric neutrino flux estimates and their interac-
tion cross-sections are known as precisely as possible.

The main steps in the determination of atmospheric
neutrino fluxes are:

e The energy spectrum of primary cosmic rays: The
flux of primary cosmic rays decreases approxi-
mately as E~27 in the 10 GeV to TeV region.
Consequently, the flux of neutrinos decreases
rapidly in the high-energy region. The flux of cos-
mic rays outside the atmosphere is isotropic and
constant in time. These are measured experimen-
tally up to tens of GeV. The primary spectrum of
cosmic ray protons can be fitted to a form

®(E) = K[E + bexp(—cVE)] ™, (2.4)

where @ = 2.74, K = 14900, b = 2.15, ¢ =
0.21 [103].

e The energy spectrum of secondary muons: The
interactions of primary cosmic rays with the air
nuclei produce pions and kaons, which in turn
yield muons. An important input needed for this
calculation is the hadronic cross-sections. These
are well measured in accelerator experiments from
low energy up to hundreds of GeV. Beyond the
range of accelerator energies, these cross-sections
are model-dependent. Hence, the composition of
the secondary cosmic rays and their energy spec-
trum are well known up to TeV energies. The
muons are produced by the decay of these mesons.

e The energy spectrum of neutrinos: This needs
modelling the altitude dependence of interactions
in the atmosphere, the geomagnetic effect on the
flux of cosmic rays and secondaries, and the
longitudinal dependence of extensive air showers.

Uncertainties in each one of the above steps limit the
precision in the determination of neutrino fluxes on the



Pramana — J. Phys. (2017) 88: 79

Page 170f 72 79

T T T 10 ——r——T] 1 T | T 1 T T T T
.
E— v“ I 1
,,,,,, v
B =
.J'.‘ B e - A R W /f R
—~ 5 - 5 4 b
— e 0 — ” LY
| 3 - - o 7
> * . L=~ Foir] .
Q00— —~ - o " LR
w - — ooy
- Sy, i F vs
in ', o s R
L o e =4 S
7 " o T 2s L%
- " I i L el I it
I ol 4 A Py L
172} o ra 7 Lt F e
N - R # . ey W
| . » ., e LT Gy 5 Ta
2 ¥, F Fa ] . LY
g s N - n- I s o
S - ., # -
1GeV %, 5GeV I 10GeV
S N T | o 1 | T - - I -
I 0.5 0 0.5 -l 0.5 [i] 0.5 T 0.5 0 0.5 |
cos 0 cos 0 cos 9

Figure 2.3. Zenith angle dependence of the neutrino flux averaged over azimuthal angles are shown for three different
energies. This has been calculated for the Kamioka location. Figures are taken from Honda et al [104]. Note that the flux

scales are different for different energies.

surface. Typically, these introduce an uncertainty of the
order of 15-20% in the overall normalization.

Some typical features of the zenith angle distri-
butions of atmospheric neutrino fluxes may be seen
in figure 2.3, which show the fluxes (averaged over
azimuthal angles) for three neutrino energies, cal-
culated for Kamioka, the location of the Super-
Kamiokande detector. The figure shows that the flux
is typically maximum near cos ¢ = 0, i.e. for horizon-
tal neutrinos, where the muons have had the maximum
proper time to decay. Also, the ratio of muon to elec-
tron neutrino flux is observed to increase at higher
energies and at more vertical (down-going or up-going)
neutrinos, where muons have less proper time to decay,
and so the second reaction in eq. (2.1) is less efficient.
It can also be seen that when £ > 3 GeV, the fluxes
are essentially symmetric in zenith angle. However,
at lower energies, there is some asymmetry, arising
mainly from the bending of muons in the geomagnetic
field.

Recently, Honda et al [105] have calculated the
atmospheric neutrino spectrum at the INO location
(Theni). It is observed that the total flux at INO is
slightly smaller than that at Kamioka at low energies
(E < 3 GeV), but the difference becomes small with
the increase in neutrino energy. Also, at low energies
(E ~ 1 GeV), the up—down asymmetries are larger

at the INO site. These asymmetries decrease with
the increase in neutrino energy. Detailed characteris-
tics of these fluxes have been given in Appendix A.
The analyses presented in this report use fluxes at the
Kamioka location. We plan to use the recently com-
piled fluxes [104,105] for the Theni site in our future
analysis.

3. The ICAL simulation framework

A good simulation - - - gives us
a sense of mastery over experience.
Heinz R Pagels

The broad simulation framework for the ICAL, start-
ing with event generation, is indicated schematically
in table 3.1. The events in the detector are gen-
erated using the NUANCE Monte Carlo generator
[4]. This uses the atmospheric neutrino fluxes as
described in §2 along with various possible neutrino—
nucleus interaction cross-sections to generate the ver-
tex and the energy—momentum of all final states in
each event; these are then propagated through the
virtual ICAL detector using the GEANT4 simulation
tool. The GEANT4 simulates the propagation of parti-
cles through the detector, including the effects of the
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Table 3.1. The simulation framework as implemented in

the ICAL simulation package.

NUANCE Neutrino Event Output:
Generation (i) Reaction channel
v+ N =1+ X. (ii) Vertex and time
Generates particles that information
result from a random (iii) Energy and
interaction of a neutrino momentum of all
with matter using final-state particles
theoretical models for
both neutrino fluxes
H and cross-sections.
GEANT H Event Simulation Output:
¢+ X through (i) z,y, z,t of the
simulated ICAL. particles as they
Simulates propagation propagate through
of particles through the detector
ICAL detector with (ii) Energy deposited
RPCs and magnetic (iii) Momentum
| ‘ field. information
DIGITIZATION H Event Digitization Output:
(X,Y, Z,T) of final (i) Digitized output of
states on including the previous stage
noise and detector
efficieny.
Add detector efficiency
H and noise to the hits.
ANALYSIS ﬂ Event Output:
Reconstruction (i) Energy and
(E,p) of £, X (total momentum of muons
hadrons) and hadrons, for use in

Fit the muon tracks
using Kalman filter
techniques to
reconstruct muon
energy and momentum;
use hits in hadron
shower to reconstruct
hadron information.

physics analyses.

iron, the RPCs, and the magnetic field. The infor-
mation in the events is then digitized in the form of
(X, Y, Z) coordinates of the hits in the RPCs and the
timing corresponding to each of these ‘hits’. This is
the information available for the event reconstruction
algorithms, which attempt, from the hit pattern, to sep-
arate the muon tracks from the showers generated by
the hadrons, and reconstruct the energies and directions
of these particles. The process is described in detail
below.

3.1 Neutrino interactions and event generation

Neutrino and antineutrino interactions in the ICAL
detector are modelled using NUANCE neutrino gen-
erator version 3.5 [4]. Some preliminary studies
and comparisons have also been initiated using the
GENIE neutrino generator [106], but are not a
part of this Review. The interactions modelled in
NUANCE include (i) quasielastic scattering (QE) for
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both charged and neutral current neutrino interactions
with nucleons, which dominate below neutrino ener-
gies of 1 GeV, (ii) resonant processes (RES) with
baryon resonance production mainly from neutrinos
with energy between 1 and 2 GeV, (iii) deep inelastic
scattering (DIS) processes with considerable momen-
tum (squared) transfer from the neutrino to the target,
with the nuclei breaking up into hadrons, which is the
dominant contribution in the multi-GeV region, (iv)
coherent nuclear processes on nuclei, and (v) neutrino—
electron elastic scattering and inverse muon decay.
These are the main neutrino interaction processes of
relevance for our simulation framework, with the con-
tribution of the last two being the least in the few GeV
energy region of interest. A simple ICAL geometry
has been described within NUANCE, including mainly
the iron and glass components of the detector, as most
of the interactions will occur in these two media.
NUANCE identifies these bound nucleons (with known
Fermi energies) differently from free nucleons and also
applies final-state nuclear corrections.

The NUANCE generator calculates event rates by
integrating different cross-sections weighted by the
fluxes for all charged current (CC) and neutral cur-
rent (NC) channels at each neutrino energy and angle.
Some typical total cross-sections for different CC pro-
cesses are illustrated in figure 3.1. Based on the inter-
action channel, there can be 10-40% uncertainty in
cross-sections in the intermediate energy ranges [107].

As mentioned in §2, for the present we have used the
Honda fluxes [5] generated at the location of Kamioka.
This will be changed soon to that at the actual location
of INO. We choose to generate only unoscillated neu-
trino events using NUANCE for the simulations, even
though there is a provision for generating oscillated
events in it. The oscillations are applied externally,
separately in each analysis.

3.2 Simulation of the ICAL detector

We now describe the ICAL detector geometry within
the GEANT4 [3] simulation framework. This includes
the geometry itself, and the magnetic field map and the
RPC characteristics that are inputs to the simulation.

3.2.1 The detector geometry. The simulations have
been performed for the 50 kt ICAL detector, which
has a modular structure with the detector consisting
of three modules, each of size 16 m (length) x 16 m
(width) x 14.5 m (height), with a gap of 20 cm between
the modules. The ICAL coordinates are defined as
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Figure 3.1. Muon neutrino (left) and muon antineutrino (right) total charged current cross-sections in cm?/GeV, obtained
from NUANCE, are shown (smooth lines) as a function of incident neutrino energy, E,, in comparison with the existing
measurements of these cross-sections along with their errors [108]. Note that the y-axis scale of the two panels is different.

follows: The direction along which the modules are
placed is labelled as the x-direction with the remaining
horizontal transverse direction being labelled y. At pre-
sent, x is also considered to coincide with south,
because the final orientation of the INO cavern is not
yet decided. The z-axis points vertically upwards so
that the polar angle equals the zenith angle 6 while the
zero of the azimuthal angle ¢ points south. The origin
is taken to be the centre of the second module. Each
module comprises 151 horizontal layers of 5.6 cm thick
iron plates. The area of each module is 16 m x 16 m,
while the area of each iron plate is 2 m x 4 m. There
is a vertical gap of 4 cm between the two layers. The
iron sheets are supported every 2 m in both the x and y
directions, by steel support structures. The basic RPC
units have dimensions of 1.84 m x 1.84 m x 2.5 cm,
and are placed in a grid format within the air gaps, with
a 16 cm horizontal gap between them in both x and y
directions to accommodate the support structures.

Vertical slots at x = xg = 4 m (where xq is the
central x value of each module) extending up to y =
44 m and cutting through all layers are provided to
accommodate the four copper coils that wind around
the iron plates, providing a magnetic field in the x—y
plane, as shown in figure 3.2. The detector excluding
the coils weighs about 52 kt, with 98% of this weight
coming from iron where the neutrino interactions are
dominantly expected to occur, and less than 2% from
the glass of the RPCs. In the central region of each
module, typical values of the field strength are about
1.5 T in the y-direction, as obtained from simulations
using MAGNET®6.26 software [109].

3.2.2 The magnetic field. Figure 3.2 depicts the mag-
netic field lines in the central iron plate near the centre
of the central module. The arrows denote the direc-
tion of the magnetic field lines while the length of the

Figure 3.2. Magnetic field map in the central plate of the
central module (z = 0), as generated by the MAGNET6
software. The length and direction of the arrows indicate the
magnitude and direction of the field; the magnitude (in T) is
also shown according to the colour-coding indicated on the
right.

arrows (and the shading) indicates the magnitude of the
field. The maximum magnitude of the magnetic field is
about 1.5 T. Notice that the field direction reverses on
the two sides of the coil slots (beyond xg £+ 4 m) in
the x-direction. In between the coil slots (an 8 m X
8 m square area in the x—y plane) the field is maximum
and nearly uniform in both magnitude (to about 10%)
and direction; we call this the ‘central region’. Near the
edges in the x-direction (outside the coil slots) the field
is also fairly uniform, but in the opposite direction;
this is called the ‘side region’. Near the edges in the
y-direction, i.e., in the regions 4 m < |y| < 8 m, both
the direction and magnitude of the magnetic field vary
considerably; this region is labelled as the ‘peripheral
region’.
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In our simulations, the field has been assumed to be
uniform over the entire thickness of the iron plate at
every (x,y) position, and has been generated in the
centre of the iron plate, i.e., at z = 0. In the 4 cm
air gap between the iron plates, the field is taken to
be zero as it falls off to several hundred gauss in these
regions, compared to more than 1 T inside the iron
plates. The magnetic field is also taken to be zero in
the (non-magnetic) steel support structures. These sup-
port structures, along with the coil slot, form the bulk
of the dead spaces of the detector.

The side and peripheral regions are beset by edge
effects as well as by non-uniform and lower mag-
netic field. We confine ourselves, in the present study,
to tracks generated only in the central region (—4 m
<x—xp <4mand -4 m < y <4 m), although the
particle may subsequently travel outside this region or
even exit the detector.

3.2.3 The resistive plate chambers. In order to appre-
ciate the hit pattern in the simulated detector, it is
necessary to describe the active detector elements,
the RPCs. These are glass chambers made by sealing
two 3 mm thick glass sheets with a high DC voltage
across them, with a uniform gap of 2 mm using plastic
edges and spacers through which a mixture of R134A
(~95%), isobutane, and trace amounts of SFg gas con-
tinually flows. In brief, the working principle of an
RPC is the ionization of the gaseous medium when a
charged particle passes through it. The combination of
gases keeps the signal localized and the location is used
to determine the trajectory of the charged particle in the
detector. For more details, see ref. [110].

A 150 micron thick copper sheet is the component
most relevant to the simulation and track reconstruc-
tion as it inductively picks up the signal when a charged
particle traverses the chamber. This copper sheet is
pasted on the ‘inside’ of a 5 mm thick foam (used
for structural strength and electrical insulation) placed
both above and below the glass chamber. It is pasted
on the side of the foam facing the glass and is insulated
from the glass by a few sheets of mylar. This layer is
scored-through with grooves to form strips of 1.96 cm
width in such a way that the strips above and below are
transverse to each other, that is, in the x- and y-directions.
(Note that the strip width in the current ICAL design
is 3 cm. However this is subject to changes.) These
pick-up strips thus provide the x and y location of the
charged particle as it traverses the RPC while the RPC
layer number provides the z information. A timing res-
olution of about 1.0 ns is assumed as also an efficiency
of 95%, consistent with the observations of RPCs that
have been built as a part of the R&D for ICAL [110].
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3.3 Event simulation and digitization

Muons and hadrons, generated in neutrino interac-
tions with the detector material, pass through dense
detector material and an inhomogeneous magnetic
field. Simulation of such particles through the detec-
tor geometry is performed by a package based on the
GEANT4 [3] toolkit. Here the ICAL geometry is writ-
ten to a machine readable GDML file — which includes
the RPC detector components, the support structure,
and the gas composition as described above — that
can be read off by other associated packages, like the
event reconstruction package. The pick-up strips are
considered as a continuous material for GEANT4 sim-
ulations. However, for signal digitization the strips are
considered independently.

When a charged particle, for example, a muon,
passes through an RPC, it gives a signal which is
assigned x or y values from the respective pick-up
strip information, a z-value from the layer information,
and a time stamp #. The minimum energy deposited in
the RPC gap which will produce an electron—ion pair,
and hence give a hit, is taken to be 30 eV, with an
average efficiency of 95%. The global coordinates of
the signals are then translated through digitization into
information of the Xth x strip and the Y'th y strip at the
Zth plane. These digitized signals along with the time
stamp form what are called ‘hits’ in the detector as this
is precisely the information that will be available when
the actual ICAL detector begins to take data.

The spatial resolution in the horizontal plane is of
the order of cm (due to the strip width) while that in
the z-direction is of the order of mm (due to the gas
gap between the glass plates in the RPCs). The effect of
cross-talk, i.e., the probability of either or both adjacent
strips giving signals in the detector, is also incorpo-
rated, using the results of the on-going studies of RPCs
[110]. Finally, as the X and Y strip information are
independent, all possible pairs of the nearby X and Y
hits in a plane are combined to form a ‘cluster’.

A typical neutrino CC interaction giving rise to an
event with a muon track and associated hadron shower
is shown in figure 3.3. It can be seen that the muon
track is clean with typically one or two hits per layer,
whereas the hadron hits form a diffused shower.

3.4 Event reconstruction

The reconstruction of individual hadrons in the
hadronic showers is not possible because the response
of the detector to different hadrons is rather similar.
Only an averaged information on the energy and
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Figure 3.3. Sample track of a neutrino event with a muon
track and hadron shower in the ICAL detector, where z = 0

indicates the central layer of the detector.

direction of the hadrons is in principle possible; fur-
thermore, hadrons, due to the different nature of their
interactions, propagate relatively short distances in the
detector. The response of ICAL to hadrons as deter-
mined by simulation studies is described in §4.2.

Muons, on the other hand, being minimum ioniz-
ing particles, leave long clean tracks, and hence the
ICAL detector is most sensitive to them. The muon
momentum can be determined from the curvature of its
trajectory as it propagates in the magnetized detector,
and also by measuring its path length. The nanosecond
time resolution of the RPCs also allows the distinction
between up-going and down-going muons. The muon
momentum reconstruction is achieved by using a track
finder package, followed by a track fitting algorithm
that reconstructs both the momentum and charge of
the muon, using the information on the local magnetic
field.

‘The track finder’ uses clusters, i.e., the combina-
tions of all possible pairs of nearby X and Y hits in
a Z-plane, as its basic elements. A set of clusters gen-
erated in three successive layers is called a ‘tracklet’.
The track finder algorithm uses a simple curve-fitting
algorithm to find possible tracklets by finding clusters
in three adjacent planes. It includes the possibility of
no hit (due to inefficiency) in a given plane, in which
case the next adjoining planes are considered. Typi-
cally, charged current muon neutrino interactions in
ICAL have a single long track due to the muons and
a shower from the hadrons near the vertex. Since, typi-
cally muons leave only about one or two hits per layer
they traverse (~1.6 on average) as opposed to hadrons
that leave several hits per layer, the hadron showers are
separated by using criteria on the average number of
hits per layer in a given event.

Ends of overlapping tracklets are matched to form
longer tracks, and the longest possible track is found
[111] by iterations of this process. The track finder
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package thus forms muon tracks as an array of three-
dimensional clusters. In the rare cases when there are
two or more tracks, the longest track is identified as the
muon track. The direction (up/down) of the track is
calculated from the timing information which is aver-
aged over the X and Y timing values in a plane. For
muon tracks which have at least 5 hits in the event,
the clusters in a layer are averaged to yield a single
hit per layer with X, Y, and timing information; the
coordinates of the hits in the track are sent to the track
fitter for further analysis. (This translates to a minimum
momentum of about 0.4 GeV/c for a nearly vertical
muon, below which no track is fitted.)

The ‘track fitter’, a Kalman filter-based algorithm,
is used to fit the tracks based on the bending of the
tracks in the magnetic field. Every track is identified
by a starting vector Xg = (X, Y, dX/dZ, dY/dZ, q/p)
which contains the position of the earliest hit (X, Y, Z)
as recorded by the finder, with the charge-weighted
inverse momentum ¢/ p taken to be zero. As the tracks
are virtually straight in the starting section, the initial
track direction (the slopes dX/dZ, dY /dZ) is calculated
from the first two layers. This initial state vector is then
extrapolated to the next layer using a standard Kalman
filter-based algorithm, which calculates the Kalman
gain matrix using the information on the local mag-
netic field and the geometry, the composition of the
matter through which the particle propagates, and the
observed cluster position in that later.

In the existing code, the state prediction is based
on the Kalman filter algorithm and the correspond-
ing error propagation is performed by a propagator
matrix [111]. The state extrapolation takes into account
process noise due to multiple scattering as described in
[112] and energy loss in matter, mostly iron, accord-
ing to the Bethe formula [113]. A new improved set
of formulae for the propagation of the state and errors
[114], optimized for atmospheric neutrinos with large
energy and range, have also been developed, and are
being used in the Kalman filter. The extrapolated point
is compared with the actual location of a hit in that
layer, if any, and the process is iterated.

The process of iteration also obtains the best fit to
the track. The track is then extrapolated backwards to
another half-layer of iron (as the interaction is most
likely to have taken place in the iron) to determine
the vertex of the interaction and the best-fit value of
the momentum at the vertex is returned as the recon-
structed momentum (both in magnitude and direction).
Only fits for which the quality of fit is better than
x2/ndf < 10 are used in the analysis.
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While g/p determines the magnitude of the momen-
tum at the vertex, the direction is reconstructed using
dX/dZ and dY/dZ, which yield the zenith and the
azimuthal angles, i.e., 8 and ¢. The results on the quality
of reconstruction are presented in the next section.

4. ICAL response to muons and hadrons

Muons are clean because they leave a trail,
Hadrons are dirty because they shower.
— M V N Murthy

In this section, we discuss the simulation response of
ICAL to the final-state particles produced in neutrino—
nucleus interactions as discussed in the previous
section. Being minimum ionizing particles, muons typ-
ically register clean long tracks with just about one hit
per RPC layer in the detector while hadrons produce a
shower with multiple hits per layer, due to the very dif-
ferent nature of their interactions. Multiple scattering
further affects the quality of the track.

First, we discuss the detector response with respect
to single particles (muons or hadrons) with fixed ener-
gies. In order to simulate the neutrino events fully, we
then use the particles generated in atmospheric neu-
trino events using the NUANCE [4] event generator,
for calibration. For the case of single muons, we study
the response of the detector to the energy/momentum,
direction and charge of muons propagated with fixed
energy/momentum and direction (0, ¢) from the cen-
tral region of the detector (described in §3). Next, we
propagate the hadrons, mainly single pions, also with
fixed energy and direction, through the central region
of the detector and determine the energy response of
the detector with respect to hadrons. Amongst the par-
ticles generated via NUANCE, the muon tracks can
be separated while the hits from all the hadrons in the
event are treated as just one shower.

4.1 Response of ICAL to muons

In this section, we present the results of the reconstruc-
tion of the charge, energy, and direction of muons [8].
For this study, we confine ourselves to tracks gener-
ated only in the central region of the ICAL detector,
ie. 4m <x <4m —4m <y < 4m, and
—4 m < z < 4 m, with the origin taken to be the
centre of the central detector module. The particle may
subsequently travel outside this region or even exit
the detector: both fully contained and partially con-
tained events are analysed together. At low energies,
the tracks are fully contained while particles start to

Pramana — J. Phys. (2017) 88: 79

leave the detector region for Py, = 6 GeV/c, depend-
ing on the location of the vertex and the direction of the
particles.

The ©~ and put are analysed separately for fixed
values of the muon momentum P, and direction:
while cos 6 is kept fixed for a set of typically 10,000
muons, the azimuthal angle ¢ is smeared over all
possible values from — to 7. The distribution of recon-
structed muon momentum for the particular choice
(Pip,cosf) = (5 GeV/c, 0.65) is shown in the left
panel of figure 4.1. As the results are almost identical,
as can be seen from the figure, only the results for ™
are presented in the further analysis.

The mean and the rms width o are determined by
fitting the reconstructed momentum distribution; the
momentum resolution is defined as R = o/ P;,. Apart
from the intrinsic uncertainties due to particle interac-
tions and multiple scattering effects, the distribution —
especially its width — is also sensitive to the presence of
detector support structures, gaps for magnetic field coils,
etc., that have been described in the previous section.

In addition, the reconstructed momentum distribu-
tion of low-energy muons has a clear asymmetric tail,
as can be seen in the right panel of figure 4.1 for
muons with (Pi,, cos@) = (1 GeV/c, 0.65). It can be
seen that the distribution at low energies is significantly
broader, and there is also a shift in the mean. It is
therefore fitted with a convolution of Landau and Gaus-
sian distributions. For muons with P;;>2 GeV/c, the
distributions are fitted with purely Gaussian distribu-
tions. In the case of Landau—Gaussian fits, the width is
defined as 0 = FWHM/2.35, in order to make a consis-
tent and meaningful comparison with the Gaussian fits
at higher energies, where the square root of the vari-
ance, or the rms width, equals FWHM/2.35. Before
we present results on the muon resolution, we first dis-
cuss the impact on the resolutions of the muon angle
and location within the detector.

4.1.1 Momentum resolution in different azimuthal
regions. The number of hits in the detector by a muon
with a fixed energy will clearly depend on the zenith
angle, because muons traversing at different angles
travel different distances through each iron plate. As
a result, the momentum resolution will depend on the
zenith angle. However, it also has a significant depen-
dence on the azimuthal angle for two different reasons.
One is that the magnetic field explicitly breaks the local
azimuthal symmetry of the detector geometry. There is
an additional effect due to the coil gaps that are located
at x = xo £4 m where x is the centre of each module.
The second reason is that the support structures are also
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Figure 4.1. The left panel shows the reconstructed momentum distributions for (P, cos8) = (5 GeV/c, 0.65) smeared
over the central volume of the detector for 4~ and u™ particles [8]. The right panel shows the same distribution, but for
(Pin, cosf) = (1 GeV/c, 0.65), for u—, fitted with the Landau-convoluted-with-Gaussian distribution.

not azimuthally symmetric; moreover, the length of the
track ‘lost’ within these dead spaces is also a function
of the location from where the muon was propagated
and the zenith angle at which it traverses these spaces.
The cumulative dependence on the azimuthal angle ¢
is a complex consequence of all these dependences and
impacts low momentum and large zenith angle muons
more than higher energy, small angle ones.

For instance, a muon initially directed along the y-
axis experiences less bending because the momentum
component in the plane of the iron plates (hence-
forth referred to as in-plane momentum) is parallel to
the magnetic field. Furthermore, upward-going muons
that are in the negative (positive) x-direction experi-
ence a force in the positive (negative) z-direction (the
opposite is true for u*) and so muons injected with
|¢p| > m/2 traverse more layers than those with the
same energy and zenith angle but with |¢| < 7/2
and hence are better reconstructed. This is illustrated
in the schematic in figure 4.2 which shows two muons
(u™) injected at the origin with the same momen-
tum magnitude and zenith angle, one with positive
momentum component in the x-direction, P, > 0 and
the other with negative x momentum component. The
muon with P, > 0 (initially directed in the positive x
direction) bends differently from the one with P, <0
(along negative x-direction) and hence they traverse
different number of layers, while having roughly the
same path length. Hence, muons with different ¢ elicit
different detector response. Because of these effects,
the momentum resolution is best studied in different
azimuthal angle bins. We separate our muon sample
into four regions/bins: bin I with |¢| < 7 /4, bin Il with
/4 < |¢p| < /2, bin Il with 7/2 < |¢| < 37/4, and
bin IV with 37 /4 < |¢| < w. The resolutions of P, in
the above ¢-regions, for six values of zenith angle, are
shown in figure 4.3.

It may be noticed that, at lower energies the res-
olution improves as cos 6 increases, as expected, but

T |

>

0 X
Figure 4.2. Schematic showing muon tracks (for ©™) in
the x—z plane for the same values of (Pi,, cos6) but with
|¢| < /2 and > /2 (momentum component in the x direc-
tion positive and negative, respectively). Different bending
causes the muon to traverse different number of layers in the
two cases.

at higher energies the behaviour is rather complicated.
At higher energies, the muons injected at larger zenith
angles in ¢ regions I and IV, have better resolutions
than their counterparts at more vertical angles (for
instance, cos 8 = 0.45 vs. cos# = 0.85) because larger
portions of the tracks, being more slanted, are still con-
tained within the detector. In contrast, in ¢ regions II
and III, muons with larger zenith angles have worse
resolution than those at smaller zenith angles because
the former exits the detector from the y-direction and
are partially contained. In general, at angles larger than
about 75° (cos@ = 0.25), the resolution is relatively
poor as there are several times fewer hits than at more
vertical angles.

Finally, note that the simulation studies of the
physics reach of ICAL discussed in later sections use
the ‘azimuth-averaged’ resolutions for muons. This is
because the main focus of ICAL is the study of neutrino
oscillations using atmospheric neutrino fluxes that are
azimuthally symmetric for E, >2 GeV. While study-
ing the neutrinos from fixed astrophysical sources, for
example, the azimuthal dependence of the detector
needs to be taken into account.
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Figure 4.3. Muon resolution as a function of input momentum and cos 6, in bins of ¢ as described in the text [§].

In the rest of this section, we present simulations
studies of the ‘azimuth-averaged’ response of ICAL to
the muon direction and its charge, because these are
not very sensitive to the azimuth. We also present the
overall reconstruction efficiency for muons; this deter-
mines the overall reconstruction efficiency of the entire
neutrino event as there may or may not be an associated
hadron shower in the event.

4.1.2 Zenith angle resolution. The events that are
successfully reconstructed for their momenta are anal-
ysed for their zenith angle resolution. The recon-
structed zenith angle distribution for muons with Py, =
1 GeV/c, at zenith angles cosf = 0.25 and cos =
0.85, are shown in figure 4.4, where the time resolution
of the RPCs is taken to be 1 ns (muons with cosd = 1
are up-going). It can be seen that a few events are
reconstructed in the opposite (downward) direction i.e.,
with zenith angle (fec ~ 7 — 6). For muons with
Pn = 1 GeV/c at large (small) angles with cosf =
0.25(0.85), this fraction is about 4.3 (1.5)%. As
energy increases, the fraction of events reconstructed
in the wrong direction drastically comes down. For
example, this fraction reduces to 0.3% for muons with

Pn = 2 GeV/c at cosf = 0.25. Comparison of the
goodness of fits to a track, assuming it to be in upward
and downward directions, reduces this uncertainty fur-
ther. The analysis incorporating this technique is in
progress.

The muons that contribute to mass hierarchy iden-
tification have energies greater than about 4 GeV and
the time interval between the first and the last hits of
such muons is more than 5 ns, so that the up-going
vs. down-going muons would be easily identified. The
time resolution of the detector therefore is not expected
to affect the mass hierarchy determination.

The event distribution as a function of the recon-
structed zenith angle is shown in the left panel of
figure 4.5 for a sample (P, cosf) = (5 GeV/c, 0.65).
It is seen that the distribution is very narrow, indicating
a good angular resolution for muons. The right panel of
figure 4.5 shows the 6 resolution as a function of input
momentum for different zenith angles.

As noted earlier, due to multiple scattering and the
smaller number of layers with hits, the momentum res-
olution is worse at lower energies. This is also true
for the zenith angle, whose resolution improves with
energy. For a given energy, the resolution is worse for
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larger zenith angles because, again the number of lay-
ers with hits decreases. Even so, it is seen that the
angular resolution for cos& > 0.25 (i.e. 8 < 75°) is
better than 1° for muon momenta greater than 4 GeV /c.

4.1.3 Reconstruction efficiency. The reconstruction
efficiency for muons is defined as the ratio of the num-
ber of reconstructed events n. (irrespective of charge)
to the total number of events, Nyl (typically 10,000).
We have

Nrec
N total

O€rec = \/Erec(l — €rec)/ Notal -

The left panel of figure 4.6 shows the muon reconstruc-
tion efficiency as a function of input momentum for
different cos 6 bins.

When the input momentum increases, the recon-
struction efficiency also increases for all angles,
because the number of hits increases as the particle
crosses more number of layers. At larger angles, the
reconstruction efficiency for small energies is smaller

€rec =

“4.1)

compared to vertical angles as the number of hits
for reconstructing tracks is less. But as the input
energy increases, above almost 4 GeV since the par-
ticle crosses more number of layers, the efficiency of
reconstructing momentum also increases and becomes
comparable with vertical angles. At higher energies,
the reconstruction efficiency becomes almost constant.
The drop in efficiency at high energies for vertical
muons is due to the track being partially contained,
their smaller bending in the magnetic field, as well
as the impact of the detector support structure. It is
expected that this may improve as the track recognition
algorithms are refined and better tuned.

The fraction of muonless charged current events/
neutral current events that get misidentified as charged
current muon events is ~2—3%, as long as the energy
of the reconstructed muon is =1 GeV. This frac-
tion may be further reduced with a proper choice of
cuts, and for high-energy muons that are relevant for
mass hierarchy determination, this is expected to be
negligible. Work in this direction is in progress.
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Figure 4.6. The left (right) panel shows the reconstruction efficiency (the relative charge identification efficiency) as a

function of the input momentum for different cos 6 values [8].

4.1.4 Relative charge identification efficiency. The
charge of the particle is determined from the direction
of curvature of the track in the magnetic field. Relative
charge identification efficiency is defined as the ratio of
the number of events with correct charge identification,
ncid, to the total number of reconstructed events:

Ncid
N rec

S€cid = \/Gcid(1 - Ecid)/Nrec .

Figure 4.6 shows the relative charge identification effi-
ciency as a function of input momentum for different
cos 0 bins. As seen earlier, there is a very small con-
tribution to the set with the wrongly identified charge
from the events where the track direction is wrongly
identified (8 — m — 6); such events will also recon-
struct with the wrong charge as there is a one-to-one
correspondence between the up—down identification
and the muon charge.

When a low-energy muon propagates in the detector,
it undergoes multiple scattering. So the number of lay-
ers with hits is small, and the reconstruction of charge
goes wrong, which results in poor charge identifica-
tion efficiency as can be seen from figure 4.6. As the
energy increases, the length of the track also increases,
due to which the charge identification efficiency also
improves. Beyond a few GeV/c, the charge identi-
fication efficiency becomes roughly constant, about
98%.

€cid =

4.2)

4.2 Response of ICAL to hadrons

An important feature of ICAL is its sensitivity to
hadrons over a wide energy range. This allows the
reconstruction of the energy of the incoming muon
neutrino in a charged-current event by combining the

energies of the muon and the hadrons. It also enables
the detection of neutral-current events, charged-current
DIS events generated by v, interactions, and charged-
current v; events where 7 decays hadronically. The
information contained in all these events adds cru-
cially to our knowledge of neutrino oscillations. The
charged-current event is a direct measure of the oscil-
lation probabilities among the three active neutrino
species. On the other hand, the neutral-current events
are not affected by active neutrino oscillations, and
hence help in flux normalization, as well as in the
search for oscillations to sterile neutrinos. It is there-
fore important to characterize the response of the ICAL
to hadrons.

The hadrons generated from the interactions of atmo-
spheric neutrinos consist mainly of neutral and charged
pions, which together account for about 85% of the
events. The rest of the events consists of kaons and
nucleons, including the recoil nucleons that cannot
be distinguished from the remaining hadronic final
state. The neutral pions decay immediately giving rise
to two photons, while the charged pions propagate
and develop into a cascade due to strong interactions.
For the neutrino—nucleon interaction v, N — uX, the
incident neutrino energy is given by

E, = E,LL + Ehadrons — EN, (43)

where E is the energy of the initial nucleon which is
taken to be at rest, neglecting its small Fermi momen-
tum. The visible hadron energy depends on factors like
the shower energy fluctuation, leakage of energy, and
invisible energy loss mechanisms, which in turn affect
the energy resolution of hadrons. We choose to quan-
tify the hadron response of the detector in terms of the
quantity [9]

Elg=E,—E,. (4.4)
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As the first step in understanding the ICAL response
to hadrons, single charged hadrons of fixed energies are
generated via Monte Carlo and propagated through the
detector to compare its response to them. The response
to charged pions is then studied in more detail, and
the pion energy is calibrated against the number of
hits. Next, the multiple hadrons produced through
atmospheric neutrino interactions are generated using
NUANCE [4], and the quantity E; , is used to cali-
brate the detector response. This should take care of
the right combination of the contributions of different
hadrons to the hits, on an average. It will of course be
dominated by neutral and charged pions, and hence we
expect it to be similar to the response to fixed-energy
pions.

4.2.1 Energy response to fixed-energy hadrons. Inan
RPC, the X- and Y-strip information on a hit is ‘inde-
pendently’ obtained from the top and bottom pick-up
strips, as described in §1.1.3 and then combined to
give the (X, Y) coordinates of the hit. For a muon, the
(X, Y) positions of the hits in a given layer can easily
be identified because a muon usually leaves only one or
two hits per layer. However, a hadron shower consists
of multiple hits per layer, and combining all possible
X and Y strip hits leads to overcounting, resulting in
what are termed as ‘ghost hits’. To avoid the ghost hit
counts, the variables ‘x-hits’ and ‘y-hits’ — the number
of hits in the X and Y strips of the RPC, respec-
tively — can be used. We choose to perform the energy
calibration with the variable ‘orig-hits’, which is the
maximum of x-hits or y-hits.

Figure 4.7 shows the comparison of these three types
of hit variables for 7% of energy 3 GeV. Clearly,
there is no significant difference among these vari-
ables. However, orig-hit has been used as the unbi-
ased parameter. It is also observed that the detector
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response to the positively and negatively charged pions
is identical. So we shall not differentiate between them
henceforth.

Fixed-energy single pion events in the energy range
of 1 to 15 GeV were generated using the particle gun
in GEANT4. The total number of events generated for
each input energy value is 10,000 in this section, unless
specified otherwise. Each event is randomly generated
to have vertices over a volume of 2m X 2m x 2 m in
the central region of the ICAL detector. As in the ear-
lier section, the reference frame chosen has the origin
at the centre of the detector, the z-axis pointing verti-
cally up, and the x—y plane along the horizontal plates,
with the three modules lined up along the x-axis. The
hadron direction is uniformly smeared over the zenith
angle 0 < 0 < m and azimuth of 0 < ¢ < 2. This
serves to smear out any angle-dependent bias in the
energy resolution of the detector by virtue of its geome-
try which makes it the least (most) sensitive to particles
propagating in the horizontal (vertical) direction.

Figure 4.8 shows the hit distributions in the detec-
tor for pions, kaons, and protons at various energies in
the range of 1 to 15 GeV. It is observed that the hit
patterns are similar for all these hadrons, though the
peak positions and spreads are somewhat dependent
on the particle ID. Hence, the detector cannot distin-
guish the specific hadron that has generated the shower.
The large variation in the number of hits for the same
incident particle energy is mainly a result of differ-
ent strong interaction processes for different hadrons
(for ¥ the interactions are electromagnetic because it
decays immediately to a yy pair), and partly an effect
of angular smearing.

4.2.2 The e/h ratio. The NUANCE [4] simulation
suggests that the fraction of the different types of
hadrons produced in the detector is 7+ : 7~ : 70
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Figure 4.7. The comparison of the distributions of x-hits, y-hits and orig-hits for 7~ (left) and 7 (right) of energy

3 GeV [9].
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Figure 4.9. The left panel shows the hit distributions of fixed energy single electrons at 2, 5, 10, and 14 GeV, averaged
over all directions. The right panels shows the variation of the e/ & ratio with the particle energies [10].

0.38 : 0.25 : 0.34, with the remaining 3% contribution
coming mainly from kaons [10]. While the response
of the detector to 7 and 7~ is almost identical as
seen earlier, its response to the electromagnetic part of
the hadron shower that originates from ¥ is different.
This may be quantified in terms of the e/ ratio, i.e.
the ratio of the electron response to the charged pion
response. This ratio will help us characterize the effect
of neutral hadrons on the energy resolution.

In order to study this ratio, we generated 100,000
electron events at fixed energies in the energy
range 2-15 GeV, propagating in arbitrary directions

(with 6 smeared from 0—x and ¢ from 0—27) from
vertices within a volume of 2 m x 2 m X 2 m
in the central region of the ICAL detector. The hit
distributions averaged over all directions for 2, 5, 10,
and 14 GeV electrons are shown in figure 4.9. This
may be compared with the hit distributions shown in
figure 4.8. The response is almost the same as that
for 770, with narrower high-energy tails than those for
charged pions.
The e/ h ratio is obtained as

e/h = el;lean/nn—"l_ean’ (4'5)
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where e .., 1s the arithmetic mean of the electron hit

distribution and m;t., is the arithmetic mean of the
hit distribution for 7, for a given fixed energy of the
two particles. If e/h = 1, then the detector is said to
be compensating. The variation of the e/h ratio with
incident energy is shown in the right panel of figure 4.9.

It can be seen that the value of e/ h decreases with
energy. However, it should be noted that there is no
direct measurement of the energy deposited in ICAL.
Here the energy of a shower is simply ‘calibrated’ to
the number of hits, and electrons which travel smaller
distances in a high Z material like iron have lower
number of hits compared to charged pions. At lower
energies, the electron as well as pion shower hits are
concentrated around a small region. The mean of the
electron hit distribution is roughly the same or slightly
larger than that of the 7" hit distribution. With the
increase in energy, the charged pions travel more dis-
tance and hence give more hits (as they traverse more
layers) because the hadronic interaction length is much
more than the electromagnetic interaction length at
higher energies and hence the ratio of hits in the two
cases drops with energy.

In a neutrino interaction where all types of hadrons
can be produced (although the dominant hadrons in the
jet are pions), the response of ICAL to hadrons pro-
duced in the interaction depends on the relative frac-
tions of charged and neutral pions. Using the relative
fractions 7+ : 7~ : 7¥ :: 0.38 : 0.25 : 0.34 as men-
tioned above, the average response of hadrons obtained
from the charged current muon neutrino interaction can
be expressed as

Rhad = [(1 — Fo) x h + Fy x e],

=h[(1—F0)+F0x%],

(4.6)
where e is the electron response, & the charged hadron
response, and Fy is the neutral pion fraction in the
sample.

The atmospheric neutrino events of interest in ICAL
are dominated by low-energy events with hadrons typi-
cally having energies £ < 10 GeV for which the average
value of e/ his e/ h ~0.9. Using Fp =0.34 in eq. (4.6),
we get the average hadron response for NUANCE-
generated events to be Rpyg ~ 0.97h which is not
very different from /. For this reason, the analysis of
response with multiple hadrons in NUANCE-generated
event samples is not expected to be very different from
that of the single pion sample. However, we shall con-
firm this by first focussing on the detector response
to fixed-energy charged pions in §4.2.3, and then
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moving on to a more general admixture of different
hadrons in §4.2.5.

4.2.3 Analysis of the charged pion hit pattern. The
hit distributions for charged pions, at sample values of
E = 3,8 GeV, are shown in figure 4.10. The distribu-
tions are asymmetric with long tails, with a mean of
about two hits per GeV. In addition, at low energies
several events yield zero hits in the detector.

A search for a good fitting function for the distri-
bution was made, and it was found that the Vavilov
distribution function gives a good fit for all energies,
as is illustrated in figure 4.10. This distribution (see
Appendix C) is described by the four parameters P,
P1, P>, and P3, which are energy-dependent [9]. The
Vavilov distribution reduces to a Gaussian distribution
for Py > 10, which happens for E > 6 GeV. However,
at lower energies, it is necessary to use the full Vavilov
distribution.

The mean n(E) of the number of hits from the
Vavilov fit at different energies is shown in the left
panel of figure 4.11. It increases with increasing pion
energy, and saturates at higher energies. It may be
approximated by

n(E) = no[l —exp(—E/Ep)], 4.7

where ng and Ey are constants. This fit has to be
interpreted with some care, because ng and Eg are
sensitive to the energy ranges of the fit. The value of
Ey is found to be ~30 GeV when a fit to the energy
range 1-15 GeV is performed. As the energies of inter-
est for atmospheric neutrinos are much less than Ey,
eq. (4.7) may be used in its approximate linear form
n(E) = noE/Eg. A fit to this linear form is also shown
in figure 4.11.
As in the linear regime (E <« Eg) one has

A(E) E

=, 4.8
” £ (4.8)
the energy resolution may be written as
An(E
g _ank) (49)
E n(E)

where (An)? is the variance of the distribution. The
notation o/E will be used for energy resolution
throughout, and eq. (4.9) will be taken to be valid for
the rest of the analysis.

The energy resolution of pions may be parametrized
by

O'_ a2+b2
E VE ’

(4.10)
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Figure 4.10. The hit distributions at 3 (left) and 8 GeV (right), for pions propagating in the detector, starting from
randomized vertices over a volume of 2 mx 2 mx2 m in the detector. The red curve denotes a fit to the Vavilov distribution [9].
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Figure 4.11. The mean hit distribution (left) and the energy resolution (right) for fixed-energy charged pion events, as a
function of pion energy. The right panel also shows a fit to eq. (4.10) [9].

where a and b are constants. The energy resolutions
for charged pions as functions of the pion energy are
shown in the right panel of figure 4.11. The parame-
ters a and b extracted by a fit to eq. (4.10) over the
pion energy range 1-15 GeV are also shown. The val-
ues of a and b depend on the iron plate thickness; this
dependence has been studied in detail in Appendix D.

4.2.4 Dependence of the energy resolution on hadron
direction. As the number of layers traversed by a par-
ticle would depend on the direction of the particle, it
is expected that the energy calibration and energy res-
olution for hadrons will depend on the direction of the
hadron. To check this dependence, we simulate pions
of fixed energies in the detector, which travel in dif-
ferent directions. The directions are binned into five
zenith angle bins, and the distributions of the number
of hits are recorded. The ratio of the rms width of the
distribution to its mean is used as a measure of the
energy resolution [10]. Figure 4.12 shows the zenith
angle dependence of the hadron energy resolution.
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Figure 4.12. The dependence of the pion energy resolution
on the zenith angle [10].

As there is only a mild dependence on the hadron
direction, and the direction of hadron itself cannot be
determined yet with a good confidence, we continue to
use the direction-averaged results in the future analyses
in this Review.
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4.2.5 Response to hadrons produced by atmospheric
neutrinos. Atmospheric neutrino interactions in the
detector may contain no hadrons (for quasielastic scat-
tering events), one hadron or multiple ones (in reso-
nance scattering and DIS events). While the former
events dominate for £, ~ 1 GeV, at higher energies
the DIS events dominate. In this section, we focus on
the charged-current v, interactions in the detector that
produce hadrons in addition to the charged muons.

We assume here that the v, CC events can be clearly
separated from the NC as well as v, CC events, and that
the muon and hadron shower may be identified sepa-
rately. (In our procedure, we determine the number of
hadron hits by taking away the true muon hits, as in
the Monte Carlo simulation, from the total hits in the
event.) Preliminary studies show that this is a reason-
able assumption for E, 2 1 GeV. At lower energies
where the number of hits is small, the misidentifica-
tion of a muon hit as a hadron one, or vice versa, can
significantly affect the hadron energy calibration. The
analysis of this effect is in progress.

The atmospheric neutrino (v,) and antineutrino (v,)
events in ICAL have been simulated using the neutrino
event generator NUANCE (v3.5) [4]. The hadrons pro-
duced in these interactions are primarily pions, but
there are some events with kaons (about 3%) and
a small fraction of other hadrons as well. As dis-
cussed earlier, it is not possible to identify the hadrons
individually in ICAL. However, since the hit distribu-
tion of various hadrons are similar to each other (see
figure 4.8), and the NUANCE generator is expected
to produce a correct mixture of different hadrons at
all energies, it is sufficient to determine the hadron
energy resolution at ICAL through an effective aver-
aging of NUANCE events, without having to identify
the hadrons separately.

30
CC events (w/o oscillations)

25 + Data points

20 — Fit to Eq. (4.7)

c\\I\‘\\I\‘I\\\‘I\\I‘\\\I‘\I\I

S R S S S|
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A total of 1000 kt-yr of ‘data’ events (equivalent
to 20 years of exposure with the 50 kt ICAL mod-
ule) were generated with NUANCE. The events were
further binned into the various Ej , energy bins and
the hit distributions (averaged over all angles) in these
bins are fitted to the Vavilov distribution function. The
mean values (Meanva,yiloy) Of these distributions as a
function of E| ; are shown in the left panel of fig-
ure 4.13. As expected, these are similar to the mean
values obtained earlier with fixed energy pions. As the
mean hits grow approximately linearly with energy, the
same linearized approximation used in §4.2.3 can be
used to obtain the energy resolution o/ E = An/n. The
energy resolution as a function of E; , is shown in
figure 4.13. The energy resolution ranges from 85%
(at 1 GeV) to 36% (at 15 GeV).

The effective energy response obtained from the
NUANCE-generated data is an average over the mix-
ture of many hadrons that contribute to hadron shower
at all energies. The fractional weights of different kinds
of hadrons produced in neutrino interactions may, in
principle, depend on neutrino oscillations. In addition,
the relative weights of events with different energy
that contribute in a single energy bin changes because
neutrino oscillations are energy-dependent. In order
to check this, events with oscillations using the best-
fit values of standard oscillation parameters (mixing
angles and mass-squared differences) [115] were also
generated. The resolutions obtained without and with
oscillations are very close to each other. Thus, the
hadron energy resolution can be taken to be insensitive
to oscillations.

4.2.6 Hadron energy calibration. To calibrate the
hadron energy E} , against the hit multiplicity, hadrons
from the simulated NUANCE [4] ‘data’ were divided

12F
11 i CC events (w/o oscillations)
B + olE ¥ /ndf  13.96/28
F 7 a 0.742 +0.009
091 a2 e
o8k * E b 0.302 +0.004
g ™
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031 [ H |
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5
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Figure 4.13. The mean hit distribution (left) and the energy resolution (right) for hadron events generated by NUANCE,
as a function of E} ;. The right panel also shows a fit to eq. (4.10). The bin widths are indicated by horizontal error bars [9].
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into bins of different hit multiplicities n. Even here, a
good fit was obtained for the Vavilov distribution func-
tion at all values of n. We show the mean, Meanvayiloy,
and the standard deviation, ovayiloy, Obtained from the
fit in the calibration plot in figure 4.14.

For charged-current v, events, the energy of the
incident neutrino can be reconstructed through

E,=E, +E/,. (4.11)

where E, is reconstructed from the Kalman filter algo-
rithm and E| , is calibrated against the number of
hadronic hits. The neutrino energy resolution will in
principle depend on the energy and direction of the
muon as well as that of the hadron shower. The poor
energy resolution of hadrons also makes the energy
resolution of neutrinos rather poor, and loses the advan-
tage of an accurate muon energy measurement. There-
fore, reconstructing neutrino energy is not expected to
be the most efficient method for extracting informa-
tion from the ICAL analysis. Indeed, we expect to use
the muon and hadron information separately, as will be
seen in §5.8.

4.2.7 Salient features of the detector response. The
ICAL detector is mainly sensitive to muons produced
in the charged-current interactions of atmospheric v,
or v,. We have studied the response of the detector to
muons [8] generated in the central volume of a mod-
ule of the ICAL detector where the magnetic field is
uniform. The momentum, charge, and direction of the
muons are determined from the curvature of the track in
the magnetic field using Kalman filter algorithm. The
response of the detector to muons in the energy range
1-20 GeV with cos 0 > 0.25 is studied in the different
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azimuthal ¢ regions. The momentum resolution, recon-
struction efficiency, charge identification efficiency,
and direction resolution are calculated. The momentum
resolution is about 20% (10%) for energies of 2 GeV
(10 GeV), while the reconstruction efficiency is about
80% for E, > 2 GeV. The relative charge identi-
fication efficiency is found to be 98% for almost all
energies above the threshold. The direction resolution
is found to be better than a degree for all angles for
energies greater than about 4 GeV.

The hadron events of interest in the ICAL detec-
tor primarily contain charged pions. The hit pattern of
pions and kaons in the detector is similar; hence it is
not possible to separate different hadrons in the detec-
tor. Similarly, neutrino—nucleus interactions produce
events with multiple hadrons in the final state (gen-
erated by the NUANCE neutrino generator), whose
energies cannot be reconstructed individually. How-
ever, the ‘total energy’ deposited in hadrons can be
determined by a calibration against the hit multiplicity
of hadrons in the detector [9].

The hit patterns in single and multiple hadron events
are roughly similar, and may be described faithfully
by a Vavilov distribution. Analyses, first with fixed-
energy pions, and later with a mixture of hadrons from
atmospheric v, interaction events, show that a hadron
energy resolution in the range 85% (at 1 GeV)-36% (at
15 GeV) is obtainable. The parameters of the Vavilov
fit presented here as a function of hadron energy can be
used for simulating the hadron energy response of the
detector, in order to perform physics analyses that need
the hadron energy resolution of ICAL. We have also
presented the calibration for the energy of the hadron
shower as a function of the hit multiplicity. This analy-
sis will be improved upon by incorporating edge effects
and noise in a later study, after data from the prototype
detector are available.

The reconstruction of hadrons allows us to recon-
struct the total visible energy in NC events. Combined
with the information on the muon energy and direction
in the CC events, it will also allow one to reconstruct
total neutrino energy in the CC events. As we shall see
in §5, the correlated information in muon and hadron in
a CC event will also help to enhance the capabilities of
the ICAL. The ICAL will be one of the largest neutrino
detectors sensitive to the final-state muons as well as
hadrons in neutrino interactions at multi-GeV energies,
and this advantage needs to be fully exploited.

Note that the calibration of the hadron response pre-
sented in this section has been determined by Monte
Carlo simulations. To confirm its validity, we have
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compared in Appendix D the results of our simula-
tions with the hadron response at MINOS and the
baby MONOLITH detector at appropriate plate thick-
nesses. This appendix also studies the dependence of
hadron response at ICAL as a function of the iron plate
thickness.

Some muon events at ICAL will also arise from
the v;’s arising due to oscillations of v,. These v;’s
may produce t’s through charged-current interactions,
which would further decay to muons within the detec-
tor. These events will then contaminate the direct muon
signal [116]. The number of such events (indirect muon
events through tau production) is however heavily sup-
pressed, first due to the mass of t that implies a large
threshold energy for the neutrino, then due to the small
branching fraction of © — wv;v,, and finally due
to the three-body kinematics of t decay that reduces
the energy of the resultant muon even further. This
results in only about 150 such indirect muon events in
five years, as compared to a few thousands of direct
muon events. Hence, at this level of analysis, we have
neglected these events. The v, charged current events
which may be mistakenly reconstructed as charged-
current muon events have also been neglected at this
stage. These are in the process of being included in a
more sophisticated analysis.

5. Neutrino oscillation physics at ICAL

The pendulum of mind oscillates between sense and
nonsense, not between right and wrong.
— Carl Gustav Jung

In this section, we shall present the physics capabil-
ities of ICAL for the mixing parameters within the
three-generation flavour oscillation paradigm. We shall
restrict ourselves to the charged-current events pro-
duced in the ICAL from v, and v, interactions, which
produce p~ and u™, respectively. We shall start by
describing our analysis method in §5.1, and then pro-
ceed to present the results showing the physics reach
of this experiment for various quantities of interest. We
shall focus on the identification of the neutrino mass
hierarchy, as well as on the precision measurements of
|Am3,| and 6,3.

The results will be presented using three different
analyses. First in §5.2, we use only the information
on the measured muon energy and muon direction
(E,, cos6,,), both of which should be rather precisely
measured in this detector, as described in detail in
§4. Note that the results for the muon reconstruction
used in these physics analyses have been obtained with
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an averaging over the azimuthal angle, and with the
vertex taken to be in the central (8§ m x 8§ m x 10 m)
region of each module of the detector. These muons
may propagate out of this region into the peripheral
regions, and even exit the detector. The latter ‘par-
tially contained’ events roughly form about 12% of our
sample, and we have not analysed them separately.

We next show the improvement expected in the pre-
cision measurement of the atmospheric mass squared
difference and the mixing angle if we use the informa-
tion on the hadron energy in addition, to reconstruct
the neutrino energy in each event. In this analysis, first
in §5.7 we analyse the data in terms of the recon-
structed neutrino energy and the measured muon angle
(E,, cos6,). However, the reconstruction of neutrino
energy involves the addition of the rather coarsely
known hadron energy information to the measured
muon energy, which results in a dilution of the muon
energy information, which is more accurately known
due to the good tracking capabilities of the ICAL. In
order to retain the benefits of the accurately measured
muon energy, we separately use the information on the
measured muon energy, muon direction, and the hadron
energy (E,, cos6,, Ej, ) corresponding to each atmo-
spheric neutrino event at the ICAL detector. The results
of this final analysis, which leads to the best physics
reach for ICAL at this stage, are presented in §5.8.

Note that the detector characteristics used for the
analyses presented in this section have been determined
in the central region of the central module of the ICAL
detector, as mentioned in the previous section. When
the three modules are placed adjacent to each other
along the x-axis, similar detector response is seen in
the extended central region that includes the central
region of each module as well as the ‘side’ regions
that are sandwiched between two central regions. This
comprises the region —20m < x < 20m, —4m <
y < 4m, and the entire z region, that is, about 42%
of ICAL. As expected, the muon response is worse in
the peripheral regions of the detector [117]. Studies
show that the reconstruction efficiencies drop by about
10% while the charge identification efficiency drops
from 98% in the central to about 96% in the peripheral
region for a few GeV muons. Further, the momentum
resolution worsens from o/P ~ 10% to about 12—
15% while the direction resolution remains the same.
Hence, this will worsen the physics results that we will
obtain, although not drastically. Note that the hadron
resolutions are not altered on inclusion of the entire
volume of ICAL, mainly because it is independent of
the magnetic field. We do not comment further on this
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in this paper, and present all results using the central
region resolutions described earlier.

5.1 Charged-current v, events in ICAL

We focus on the charged-current events from the atmo-
spheric v, interactions, that produce muons in the
ICAL. We shall start by dividing them into bins of
energy and momenta, taking into account the efficien-
cies and resolutions obtained in §4. As its output, the
generator provides the 4-momentum (p#) of the ini-
tial, intermediate, and the final-state particles for each
event. To reduce the Monte Carlo fluctuations in the
events obtained, we generate an event sample corre-
sponding to 1000 years of running of ICAL and scale
it down to the desired exposure for the x 2 analysis. The
ICAL sensitivities presented here can then be inter-
preted as median sensitivities (in the frequentist sense),
as described in [118]. Using 1000 years of data takes
us closer to the ideal ‘Asimov’ dataset [119] that has
no statistical fluctuations.

In the oscillated event sample, the total number of
1~ events come from the combination of the v, — v,
and the v, — v, channels as

&N Nr N P Py,
dE, d(cosb,) T VD Ov, HrEQE, d(cos6,)
+ P Foy, (5.1)
““dE, d(cosb,) |’ '

where Np is the number of targets and N7 is the expo-
sure time of the detector. Here <I>UM and ®,, are the
fluxes of v, and v,, respectively, and Pyg is the vy— vg
oscillation probability. The first term in eq. (5.1) cor-
responds to the number of p~ events from v, that
have survived oscillations, while the second term cor-
responds to the oscillated v, flux into v,.

The oscillation probabilities P, and P, are cal-
culated numerically for any given set of oscillation
parameters for each event, corresponding to the neu-
trino energy and zenith angle associated with it. As it
takes a long time to run the NUANCE code to gen-
erate such a large event sample, generating events for
each set of possible oscillation parameters is practically
impossible. Therefore, we run the event generator only
once for no oscillations and thereafter incorporate the
oscillations using the ‘reweighting’ algorithm, which
works as follows:

In order to implement the effects of oscillation on a
vy, a random number R between 0 and 1 is generated.
If R < Py, the event is classified as a v, event. If
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R > (Pye + Pyy), then we classify the event as a v,
event. If P, < R < (Pye + Pyu), then it means that
this event has come from an atmospheric v, which has
survived as a v, and is hence selected as a muon neu-
trino event. The effects of oscillation on the v, events
are implemented similarly, where the muon events are
a result of oscillated v, events with a probability Pe,.
The net number of muon events is obtained by adding
the ‘survived’ and the ‘oscillated’ v;, events, as shown
ineq. (5.1).

The ™ events in the detector are generated using
a similar procedure. This final data sample is then
binned in energy and zenith angle bins. Figure 5.1
shows the zenith angle distribution of ™~ events in
the muon energy bin E,, =2-3 GeV, before and after
invoking oscillations. We use the oscillation parame-
ters described in table 1.1 and take the exposure to be
50 kt x 10 years.

These are the events in an ideal detector. To proceed
further, we apply the muon reconstruction efficiencies
and resolutions (in both energy and direction) obtained
in the previous section. The reconstruction efficiency
(er—) and the charge identification (CID) efficiencies
(ec— for u~ and ec, for u* event sample) are applied
as follows:

NS =ec- Ny-+ (1 —€c)Ny+ (5.2)
with
Ny~ = er- N2, (5.3)

where N is the number of ™ events in a given (E,,,
€08 011y, eriini ) DIN. All the quantities appearing in eq. (5.2)
are functions of E,;, and cos 6, and are determined bin-
wise. The same procedure is applied for determining
the u events.
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Figure 5.1. Zenith angle distribution of ;= events for the
bin 2 GeV < E, < 3 GeV, without and with flavour oscilla-
tions. The detector efficiencies have not been included here.
The error bars shown are statistical [11].
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Figure 5.2. Zenith angle distribution of oscillated ©™
events for the bin 2 GeV < E,, < 3 GeV, after taking into
account the detector efficiencies. The error bars shown are
statistical [11].

Figure 5.2 shows the zenith angle distribution of
events obtained before and after applying the recon-
struction and CID efficiencies. Compared to figure 5.1,
one can notice that the number of events fall sharply
for the almost horizontal (cos6,, ~ 0) bins because
the reconstruction efficiency for muons falls as we go
to more horizontal bins as the iron slabs and RPCs in
ICAL are stacked horizontally. As a result, there are
hardly any events for bins with —0.2 < cos 6, < 0.2.

Finally, the muon resolutions ogr and ocosp are
applied as follows:

(N2)ij(E,cos0) =Y > NS (Ef, cos6l,)
k1

xK{(Ep)M(cos6)),  (54)
where (N IJ-D_)i j denotes the number of muon events in
the ith E-bin and the jth cos8-bin after applying the
energy and angle resolutions. Here, £ and cosé are
the measured muon energy and zenith angle. The sum-
mation is over the true energy bin k and true zenith
angle bin /, with £ /]i and cos % being the central values
of the kth true muon energy and /th true muon zenith
angle bin. The quantities K lk and M ﬁ are the integrals of
the detector resolution functions over the bins of £ and
cos 0, the measured energy and direction of the muon,
respectively. These are evaluated as

Eg, 1 (EX — E)?
K*(EF) = dE——exp | ——2—" |,
i\ E;. \/27TO'E£ 20%},2

(5.5
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and

} ; cos 91~1j 1
M. (cos6 )=/ dcos —
J Iz cos V2o, 6,
(cos 0! — cos 0)2

x exp | ———= . (5.6)
20
cos Ou

where o« and o, are the energy and zenith angle
" SV

resolutions, respectively, in these bins, as obtained in
§4. We perform the integrations between the lower
and upper boundaries of the measured energy (Ep,
and Ey;) and the measured zenith angle (cos OL; and
cos 0p;). For the extreme cos 6 bins, the bins are taken
to be (—oo, —0.9) and [0.9, +00) while integrating,
and the events are assigned to the bins [—1, —0.9]
and [0.9, 1], respectively. This ensures that no event
is lost to the unphysical region and the total number of
events does not change after applying the angular res-
olution. For Eﬁ < 1 GeV, the integrand in eq. (5.5)
is replaced with the Landau distribution function.
Figure 5.3 shows the zenith angle distribution of p©™
events before and after folding in the resolution func-
tions. The angular dependence seems to get only
slightly diluted. This is due to the good angular reso-
lution of the detector.

Table 5.1 shows the total number of muon events
with the measured energy range 0.8-10.8 GeV at
various stages of the analysis for an exposure of 50 kt x
10 years. Note the sharp fall in statistics due to the
reconstruction efficiencies. The reconstruction efficien-
cies are particularly poor for the near-horizontal bins
where the reconstruction of the muon tracks is very
hard. The small increase in the number of events after

) 160 E | —#— Before resolutions =
4GC_.; 140 || —+— After resolutions -
& 120 5[ 2GeV <E, <3GeV =
‘< 100 ; 50 kt x 10 years + % # # é
S s0f ) #
S 60 } =
€ w { RN ; } E
=) - ¥ .
Z 20F ' " ; =

0 - AT N T R

-1 -0.5 0 0.5 1

cos 6,

Figure 5.3. Zenith angle distribution of ;= events for the
bin2 GeV < E,, < 3 GeV before and after including energy
and zenith angle resolution function. Here E and 6 are the
measured energy and measured zenith angle, respectively.
The error bars shown are statistical [11].
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Table 5.1. Number of muon events produced in CC v,
interactions at various stages of analysis for an exposure of
50 kt x 10 years in the energy range 0.8—10.8 GeV.

o nt
Unoscillated 14311 5723
Oscillated 10531 4188
After applying reconstruction 4941 2136
and CID efficiencies
After applying (E, cos @) resolutions 5270 2278

applying the energy resolution function is due to the
spillover of events from the low-energy part of the
spectrum to measured energies greater than 0.8 GeV.
The spillover to the energy bins with E,>10.8 GeV
is comparatively small. The zenith angle resolution
leaves the number of muon events nearly unchanged.

5.2 Analysis with E,, and cos 6,

In this analysis, we use only the information in muon
energy and muon direction. These two quantities can be
measured with a good precision, much better than the
precision on hadron energy. Therefore, we ignore the
latter for now. We shall include the hadron information
in our analysis in the next two sections.

We generate the data at the benchmark true values
for oscillation parameters given in table 1.1. We define
x? for the ICAL data as

_ . h _ _
i

data('u )
dat - l]
+ 2Nija a(,u )In theory Z %—k ’
ij
5.7)
where
h — O h _
Nt oy (1, my = N e - (1 + Znugk> (5.3)
k=1

Here we use the linearized approximation while using
the method of pulls. We have assumed a Poissonian
distribution for the errors in this definition of x2. The
reason is that the number of events falls sharply with
energy due to the falling flux (see figure 2.3) and for
small exposure times these bins can have very few
events per bin. As ICAL will have separate data in ™
and ut, we calculate x2(u™) and x2(u') separately
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for the = sample and the ©+ sample respectively and
then add the two to get total x> as

X=X+ x*(wh). (5.9)
In the above equations, Nl.‘}ata(,u_) and Nl.‘}ata(u*') are

the observed number of 1t~ and ™ events respectively

in the ith energy and jth angle bin and N 0 theory( )

and Ng. theory (u™) are the corresponding theoretlcally
predicted event spectrum. This predicted event spec-
trum can shift due to the systematic uncertainties,
which is taken care of by the method of pulls [120,121].

The shifted spectrum N theory

where 71 . is the kth systematlc uncertainty in the ijth
bin and Sk is the pull variable corresponding to the
uncertainty . x? is minimized over the full set of
pull variables {&;}. In our analysis we have consid-
ered the muon energy range 0.8 GeV-10.8 GeV with
10 bins of bin size 1 GeV. The zenith angle range in
cos 6 is taken from —1 to +1, with 80 bins of bin size
0.025. Note that the zenith angle resolution of ICAL
is ~0.01 in cos 0, over the entire parameter range of
interest, the number of zenith angle bins is limited to
ensure enough number of events in individual bins.

The index k in eqs (5.7) and (5.8) runs from 1 to
[, where [ is the total number of systematic uncertain-
ties. We have included the following five systematic
uncertainties in our analysis [122]:

is given by eq. (5.8),

e an overall flux normalization error of 20%,

e an overall cross-section normalization error of
10%,

® a 5% uncertainty on the zenith angle dependence
of the fluxes,

e an overall 5% energy-independent systematic
uncertainty, and

e an energy-dependent ‘tilt factor’, incorporated
according to the following prescription. The event
spectrum 1is calculated with the predicted atmo-
spheric neutrino fluxes and then with the flux
spectrum shifted according to

E\’ E
Ds(E) = Po(E)| — ) = Po(E)[1+5In— ),
Ey Ey
(5.10)
where Eg = 2 GeV and § is the 1o systematic
error which we have taken as 5% [123]. The differ-
ence between the predicted event rates for the two
cases is then included in the statistical analysis.

5.2.1 Mass hierarchy sensitivity. Figure 5.4 shows
the discovery potential of ICAL alone for the neutrino
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Figure 5.4. Left panel shows A x? for the wrong hierarchy when normal hierarchy is taken to be true, while the right panel
shows the corresponding reach when inverted hierarchy is taken as true. The bands correspond to sin” 26;3(true) in the range
0.08-0.1 as shown in the legend box, while sin® 63(true) = 0.5 for all cases. We take only ICAL ‘muon’ data in the analysis
and marginalize over oscillation parameters |Amgff|, sin” 653, and sin” 263, which are allowed to vary freely within their 3o

ranges given in table 1.1 [11].

mass hierarchy, as a function of the number of years
of data taking of the 50 kt ICAL. The data are gen-
erated for the values of oscillation parameters given
in table 1.1 and for sin? 6r3(true) = 0.5 for a defi-
nite hierarchy. These simulated data are then fitted
with the wrong mass hierarchy to check the statistical
significance with which this wrong hierarchy can be
disfavoured.

The bands in figure 5.4 correspond to sin? 2013(true)
in the range 0.08-0.1. The left panel is for true nor-
mal hierarchy while the right panel is for true inverted
hierarchy. In figure 5.4 the plots show the sensitivity
reach of ICAL when x? is marginalized over oscilla-
tion parameters |Amgff|, sin? 6h3, and sin? 2013, mean-
ing these oscillation parameters are allowed to vary
freely in the fit within the ranges shown in table 1.1,
and the minimum of the X2 taken. The CP phase §cp
does not significantly impact the ICAL mass hierar-
chy sensitivity. (This will be discussed in some detail
later.) Therefore, we keep dcp fixed at O in the fit. The
parameters Am%1 and sin? 012 also do not affect X2
and hence are kept fixed at their true values given in
table 1.1. From the figure we see that for full marginal-
ization within the current 3o allowed range for |Am§ff|,
sin? 6»3 and sin? 2013, the sensitivity reach of ICAL
with 10 (5) years data would be only about 2.2¢ (1.60)
for sin? 6r3(true) = 0.5 and sin® 2013(true) = 0.1,
for true normal hierarchy. The impact for the case of
inverted hierarchy is seen to be marginally worse.

We shall further explore the effects of priors, sys-
tematic uncertainties, and the true value of 63 in
some detail. The lessons learnt from this study will be
applied directly to later analyses.

5.3 Impact of priors

All values of the oscillation parameters are not allowed
with equal CL by the current data. Moreover, all oscil-
lation parameters are expected to be measured with
much better precision by the ongoing and upcoming
neutrino experiments. In fact, by the time ICAL is
operational, all of the current accelerator-based and
reactor experiments would have completed their sched-
uled runs and hence we expect that by then signifi-
cant improvements in the allowed ranges of oscillation
parameters would have been made. In particular, we
expect improvement in the values of sin? 2013, |Am§ff|,
and sin? 26>3. One could incorporate this informa-
tion into the analysis by including ‘priors’ on these
parameters, through

2
2 2 2 2 (Po—p)
XicaL=X"+ Z Xprior»  Xprior (p)= o2 )
0

(5.11)

where x2 = Xi +x2 asineq. (5.9), p is the parameter
on which a prior is included and pg and o are its best
fit and 1o error, respectively. For our analysis, we take
the 1o error on sin? 2013 to be 0.1 (a bit conservative,
given the current measurements), and take |Am§ff| and
sin? 2613 to be determined with an accuracy of 2 and
0.65%, respectively.

The sensitivity reach of ICAL with projected pri-
ors on |Am§ff|, sin? 26»3, and sin? 2613 keeping other
parameters fixed is shown in figure 5.5. We can note
from these plots that with 5 years of ICAL data alone,
we shall have a 1.80 (1.80) signal for the wrong
hierarchy if normal (inverted) hierarchy is true. After
10 years of ICAL data, this will improve to 2.5¢ (2.50)
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Figure 5.5. Same as figure 5.4 but here we impose priors while marginalizing over |Am§ff|, sin 63, and sin® 26,3, as

discussed in the text [11].

signal for the wrong hierarchy if normal (inverted) hier-
archy is true. The sensitivity obviously increases with
the true value of sin? 2013(true). The A X2 value is seen
to increase almost linearly with exposure. This is not
hard to understand as the hierarchy sensitivity comes
from the difference in the number of events between
normal and inverted hierarchies due to Earth matter
effects. As this is a small difference, the relevant statis-
tics in this measurement is small. As a result, the mass
hierarchy analysis is statistics-dominated and the A x>
value increases linearly with exposure.

5.4 Impact of systematic uncertainties

The systematic uncertainties, mainly due to the uncer-
tainties in the atmospheric neutrino fluxes, have
already been included in the above analysis, through
the method of pulls [120,121] as described in §5.2.1.
An analysis of the extent of the impact of these
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uncertainties will give us an idea of how much the
reduction in these uncertainties will help. In figure 5.6
we show the mass hierarchy sensitivity with and with-
out systematic uncertainties in the ICAL analysis. A x 2
value is shown as a function of the number of years of
exposure of the experiment. The data were generated at
the benchmark oscillation point.

The effect of taking systematic uncertainties is to
reduce the statistical significance of the analysis. We
have checked that of the five systematic uncertainties,
the uncertainty on overall normalization of the fluxes
and the cross-section normalization uncertainty have
minimal impact on the final results. The reason for
that can be understood from the fact that the atmo-
spheric neutrinos come from all zenith angles and over
a wide range of energies. The overall normalization
uncertainty is the same for all bins, while the mass
hierarchy-dependent Earth matter effects are important
only in certain zenith angle bins and certain range of

35 INVERTED HIERARCHY
; Fixed Parameters ICAL
30 F ——- Without systematic errors
25F — — - With systematic errors
= 20 g Marginalized ]
NXE r Without systematic errors -
< =
3

s 10 15 20
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Figure 5.6. The impact of systematic uncertainties on mass hierarchy sensitivity. The red lines are obtained without taking
systematic uncertainties in the ICAL analysis, while the green lines are obtained when systematic uncertainties are included.
Long-dashed lines are for fixed parameters in theory as in data, while solid lines are obtained by marginalizing over |Am§ﬂ.|,

sin? 63, and sin® 26,3 [11].
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Figure 5.7. Same as figure 5.5 but for sin® 623(true) = 0.4 (green band) and sin? 6h3(true) = 0.6 (red band). The width of
each of the band is mapped by increasing the value of sin® 26;3(true) from 0.08 to 0.1.

energies. Therefore, the effects of the overall normal-
ization errors get cancelled between different bins. On
the other hand, the tilt error can be used to modify the
energy spectrum of the muons in the fit and the zenith
angle error allows changes to the zenith angle distri-
bution. Therefore, these errors do not cancel between
the different bins and can dilute the significance of
the data. In particular, we have checked that the
effect of the zenith angle-dependent systematic error
on the atmospheric neutrino fluxes has the maximum
effect on the lowering of Ax? for the mass hierarchy
sensitivity.

5.5 Impact of the true value of sin” 63

The mass hierarchy sensitivity of the ICAL will depend
strongly on the actual value of 6»3. The amount of
Earth matter effects increases with increase in both
013 and 6»3. In the previous plots, we have seen mass
hierarchy sensitivity for different allowed values of
sin? 20;3(true), while sin? 6»3(true) was fixed at max-
imal mixing. In figure 5.7 we show the sensitivity to
the neutrino mass hierarchy as a function of the num-
ber of years of running of ICAL for different values
of sin® 2013(true) as well as sin? 6r3(true). As seen in
the previous subsection, A x2 for the wrong mass hier-
archy increases with sin? 20, 3(true) for a given value
of sin? 653(true) and ICAL exposure. A comparison of
A X2 for different values of sin® 6r3(true) reveals that
A X2 also increases with sin® 6r3(true).

5.6 (In)sensitivity to the CP-violating phase

In the analyses above, the true value for the CP-
violating phase dcp has been taken to be 0°, and this
parameter has not been marginalized over. The reason

for this is that atmospheric neutrino data are insensi-
tive to this phase [18,122]. In order to illustrate this,
we show figure 5.8 where the data with 500 kt-yr expo-
sure are generated for §cp = 0, and the fit is tried for all
dcp values. It can be observed that the hierarchy sensi-
tivity is not affected by what value of écp we choose to
fit the data with. We have checked that the same results
hold for any actual dcp value, that is the hierarchy sen-
sitivity of ICAL is independent of the actual value of
Scp.

The reason behind the insensitivity of ICAL to the
actual value of dcp lies in the fact that the muon neu-
trinos at ICAL come dominantly from the original
unoscillated muon neutrinos, while the muon neutri-
nos coming from the oscillated electron neutrinos are a
smaller fraction, partly due to the smallness of the elec-
tron neutrino flux, but mostly due to the small value of
the conversion probability P,, owing to the smallness
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Figure 5.8. The hierarchy sensitivity at different assumed
values of §cp with 500 kt-yr of ICAL data, when the data are
generated with the actual value §cp = 0.
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of 013 and Am%l/Amgl (see Appendix B). The sur-
vival probability P, therefore controls the oscillations
detected at ICAL. In P, the CP-violating phase cp
appears as a subdominant term that oscillates as cos A,
where the oscillation phase A = Am%lL J(4E) (see
Appendix B). If the distance L travelled by the neu-
trino is uncertain by 8L, this phase becomes uncertain
by A &~ A(SL/L). For a few GeV neutrinos travel-
ling distances of a few thousands of km through the
Earth matter, A ~ 10. Hence, only a 10% uncertainty
in L can wipe out the information about the phase A,
and hence about the dependence on §cp. It is indeed
difficult to determine the direction of incoming neu-
trino, and hence the value of L, for an atmospheric
neutrino. Another added factor is the uncertainty in
energy, which also contributes to the uncertainty in A
as 6A ~ A(S§E/E) in a similar way.

Note that this insensitivity of ICAL to the Scp-
dependent oscillating term is already a part of our
analysis, and so the capability of ICAL to distinguish
between the two hierarchies is ‘in spite of this dis-
advantage. This may be contrasted with the hierarchy
sensitivities of fixed-baseline experiments like T2K
or NOvA, whose sensitivities to the mass hierarchy
depend crucially on the actual cp value. This issue will
be discussed later in §6.

5.6.1 Precision measurement of |Am§2| and sin’ 03.
The reach of ICAL for the parameters sin? 6»3 and
|Am§2| separately is shown in figure 5.9 in terms of the
Ax? value compared to the best-fit value to the simu-
lated data. The precision on these parameters may be
quantified by

.. Pmax — Pmin
Precision = ——— (5.12)
Pmax + Pmin
6 R e . e . B L
F Exposure
5E —— 50 kt x 10 years A
R W [FRPRES 50 kt x5 years ]
P N 0 SO 20 3
= b E
< F
2F -
P S W L B
0: el T

L L T
0.3 035 04 045 05 055 0.6 065 0.7
.2
@ sin” 6,,
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where pmax and ppin are the largest and smallest value
of the concerned oscillation parameter, determined at
the given CL from the atmospheric neutrino measure-
ments at ICAL, for a given exposure. We find that
after five years of data taking, ICAL will be able to
measure sin” 653 to a precision of 20% and |Am%2| to
7.4% at 1o. With 10 years exposure, these numbers
are expected to improve to 17 and 5.1% for sin® a3
and |Am§2|, respectively. The precision on sin” 653 is
mainly governed by the muon reconstruction efficiency
and is expected to improve with it. It will also improve
as the systematic uncertainties are reduced. If the flux
normalization error were to come down from 20 to
10%, the precision on sin” 3 will improve to 14%
for 10 years of exposure. Reducing the zenith angle
error from 5 to 1% will also improve this precision
to ~14%. On the other hand, the precision on |Am§2|
is governed by the ability of the detector to deter-
mine the value of L/FE for individual event accurately.
This depends on the energy and cos @ resolution of the
detector.

A few more detailed observations may be made from
the x2 plots in figure 5.9. From figure 5.9a one can
notice that the precision on >3 when it is in the first
octant (sin2 623 < 0.5) is slightly better than when it
is in the second octant (sin®63 > 0.5), even though
the muon neutrino survival probability depends on
sin? 26,3 at the leading order. This asymmetry about
sin? 63 = 0.5 stems mainly from the full three-flavour
analysis that we have performed in this study. In par-
ticular, we have checked that the non-zero value of 6;3
is responsible for the asymmetry observed in this fig-
ure. On the other hand, x? asymmetry about the true
value of |Am§2| observed in figure 5.9b is an effect
that is present even with a two-flavour analysis.
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Figure 5.9. The panel (a) shows X2 as a function of sin? 6»3 for |Am§2| = 2.4 x 1073 eV? and sin? 6r3(true) = 0.5. The

panel (b) shows x? as a function of |Am2,| for sin® 6,3 = 0.5 and |Am3,|(true) = 2.4 x 10~3 eV2. Only muon information

has been used [12].
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The precisions obtainable at ICAL for sin? 6r3 and
|Am§2| are expected to be correlated. We therefore
present the correlated reach of ICAL for these param-
eters in figures 5.10a and 5.10b. As noted above, our
three-neutrino analysis should be sensitive to the octant
of 6>3. Therefore, we choose to present our results
in terms of sin® @3 instead of sin®2653. Though the
constant-x 2 contours still look rather symmetric about
sin 63 = 0.5, that is mainly due to the true value of
sin? 63 being taken to be 0.5. The values of sin? 63
away from 0.5 will make the contours asymmetric and
will give rise to some sensitivity to the octant of 6,3, as
we shall see later.

5.6.2 Sensitivity to the octant of 6»3. Earth mat-
ter effects in atmospheric neutrinos can be used to
distinguish maximal from non-maximal 63 mixing
and can lead to the determination of the correct 63
octant [124-126]. We show in figure 5.11 the potential
of 10 years of ICAL run for distinguishing a non-
maximal value of 6,3 from maximal mixing in the case
where sin? 26,3 = 0.90 (sin 63 = 0.342, 0.658) and
sin? 2623 = 0.95 (sin® 63 = 0.388, 0.612). The fig-
ure shows that, if the value of 63 is near the current
30 bound and in the first octant, then it may be possi-
ble to exclude maximal mixing to 99% CL with this
2-parameter analysis. If 63 is in the second octant,
or if sin® 2653 is larger than 0.9, the exclusion of the
maximal mixing becomes a much harder task.

Figure 5.11 can also be used to quantify the reach
of ICAL for determining the correct octant of 653,
if the value of sin?26,3 is known. This can be seen
by comparing the x? value corresponding to the true
value of sin? 6>3, but in the wrong octant, with that
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corresponding to the true value of sin® #53. We find that,
for sin® 26,3 = 0.9, i.e. just at the allowed 30 bound,
the octant can be identified at >95% CL with 10 years
of ICAL run if 0,3 is in the first octant. However, if 653
is in the second octant, the identification of the octant
will be much harder: 6,3 in the wrong octant can be dis-
favoured only to about 85% CL. The situation is worse
if sin® 26,3 is closer to unity.

The precision on |Am§2| will keep improving with
ongoing and future long-baseline experiments. The
inclusion of the information may improve the chance
of ICAL being able to identify deviation of 6»3 from
maximal mixing and its octant to some extent.

We would like to remind the reader that all the results
in this section (§5.2.1) use only the information on
muon energy and direction. The addition of hadron
information is expected to improve the physics reach
of ICAL in all aspects, and this will be explored in the
next sections.

5.7 Analysis with E,, and cos 0,

The addition of the value of hadron energy Ej ;. cal-

ibrated with respect to the number of hadronic hits as
described in §4, to the muon energy E, reconstructs
the incoming neutrino energy in a charged-current
interaction. Since it is the neutrino energy that appears
in the neutrino oscillation probabilities, it is conceiv-
able that direct access to neutrino energy will improve
the reach of the ICAL to the oscillation parameters.
The analyses in this section and the next that use the
hadron energy information assume that the hits cre-
ated by a muon and hadron can be separated with a
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Figure 5.10. The precision reach expected at ICAL in the sin’ 923—|Am§2| plane at various confidence levels, using only
muon information. The black, blue, and red lines show 68, 90, and 99% CL contours. The true values of sin? 6»3 and |Am§2|
used for generating data are shown by the black dots. The true values of other parameters used are given in table 1.1. Panel
(a) is for five-year running of the 50 kt detector while (b) is for ten-year exposure [12].
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Figure 5.11. The projected reach in the sin? 63— Am§2| plane for four different non-maximal choices of 6,3. The black,
blue and red lines show 68, 90, and 99% CL contours for 10 years of 50 kt ICAL run, using only muon information. Note
that we use normal hierarchy, and assume that it is already known [12].

100% efficiency by the ICAL particle reconstruction
algorithm. Then, whenever a muon is reconstructed,
the corresponding hadron hits can always be consid-
ered to be a hadron shower, so that the energy Ej_,
can be reconstructed. This implies that the neutrino
event reconstruction efficiency is the same as the muon
reconstruction effciency. (Note that the calibration of

1.q against the number of hadron shower hits also
allows for the possibility of no hits observed in the
hadron shower.) Finally, the background hits coming
from other sources such as the neutral-current events,
charged-current v, events, cosmic muons and noise,
have not been taken into account so far. The system-
atics due to these effects will have to be taken care of
in future, as the understanding of the ICAL detector
improves.

The neutrino energy E), is reconstructed as the sum
of the reconstructed muon energy E, (§4.1) and the
calibrated hadron energy E|_, (§4.2). The muon energy
resolutions and zenith angle resolutions have been
implemented by smearing the true muon energy and
direction of each u™ and u~ event, as discussed ear-
lier. Energy of hadron events has also been smeared

separately, following the discussion in §4.2. The recon-
structed neutrino energy is then taken as the sum of
reconstructed muon energy and hadron energy, with the
uncertainties calculated separately for each event. The
events are then binned in (E,, cos6,) bins: 15 equal
E, bins in the range [0.8, 5.8] GeV, 5 equal E, bins
in the range [5.8, 10.8] GeV, and 20 equal cos 6,, bins
in the range [—1.0, 1.0]. The same analysis as in §5.2
is then performed, marginalizing over the 3o allowed
ranges of |Am§2|, sin? 6»3, and 613, with a 10% prior on
013. The systematic errors have been taken into account
using the method of pulls as before.

Figure 5.12 shows the sensitivity of ICAL to the
atmospheric mixing parameters |Am§ff| and sin’ 613,
where Amgff = Am%2 — (cos2 012 — cosdcp sin b3y
X sin 2601, tan 923)Am%1 is the effective value of Amﬁtm
relevant for the two-neutrino analysis of atmospheric
neutrino oscillations [6,7]. It is seen that with 10 years
of data and the (E,, cos6,) analysis technique, the
50 kt ICAL can measure the magnitude of the atmo-
spheric neutrino mass squared difference to 4% and
sin? 0»3 to 13%, at 1o'. A comparison of these numbers
against those obtained using the (E,, cos6,) analy-
sis shows that using the reconstructed neutrino energy
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Figure 5.12. The reach of the ICAL for precision measure-
ments of |Am§ff| and sin? 6,3, using information on E,, and
cos 0y, for an exposure of 500 kt-yr. The contours with 68,
90, and 99% confidence level are shown [13].

improves the precision on sin? 6»3 and |Am§2| by about
20%. However, the addition of the coarsely measured
hadron energy to the accurately measured muon energy
results in some loss of information, resulting in some
degradation in the performance for mass hierarchy
identification.

5.8 Analysis using correlated information
/
on E,,cosb,, and E} 4

The preceeding analyses have been performed by using
only the information on muon direction, and the energy
of muons or neutrinos. However, in each CC event at
ICAL, the information on E,,, cos 6, and El/lad =F,—
E, is available independently. Thus, the inelasticity
y = Ej ,/E, is an additional measurable quantity in
each event. This advantage of ICAL may be exploited
to enhance its physics reach [14], as will be seen in this
section. This is implemented by performing an analysis
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that employs binning in all these three quantities, so
that no information is lost and all correlations are taken
care of.

5.8.1 The three-dimensional binning. For event gen-
eration and inclusion of oscillation, we use the same
procedure as described in §5.2. After incorporating
the detector response for muons and hadrons [8,9], the
measured event distribution in terms of (E,, cosf,,
E{,,) is obtained. A three-dimensional binning scheme
using the measured quantities E,, cos6, and E|_; is
employed for the x2 analysis. In order to ensure sig-
nificant statistics in each bin and also to avoid large
number of bins, we use a non-uniform binning scheme
for each polarity as shown in table 5.2. Thus, for each
polarity, one has a total of (10 x 21 x 4) = 840 bins.

For the statistical analysis, we define the Poissonian
x2 for the ™ events as

NEl/lad NE, Neosoy

i=1 j=1 k=1
theory
theory d t dat. iJk
Z(Nijk lﬁca) 2‘Nl/aka In Ndata
ijk
5
+) &, (5.13)
=1
where
h O h
Nitﬂfory — ,J]E BOTY(I + eruk%'[) (5.14)

th
Here N;; eory and Nl‘;a,‘(ta

number of ™ events in a given (E,, cos 0, E{lad) bin,
with NE}Qd =4, Ng, = 10, and Ncosg, = 21. The
systematic uncertainties have been included by using

are the expected and the observed

Table 5.2. The binning scheme in E,,, cos6,,, and Et’lad for each polarity.

Observable Range Bin width Total bins
1-4 0.5 6
E, (GeV) 4-7 1 3¢ 10
7-11 4 1
(=D-(=0.4) 0.05 12
cos 6, (-0.4)-0 0.1 4 %21
0-1 0.2 5
0-2 1 2
E'.q (GeV) 2-4 2 14
4-15 11 1
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the pull method [120,121], which uses the ‘pull’ vari-
ables & [11,12].

For u events, Xi is similarly defined. The total x>
is obtained as

XicaL = 12 + X3 + Xgvior (5.15)
where
. 2 . 2 2
2 sin” 2013 — sin” 26;3(true)
Xprior = ) . (5.16)
0.08 x sin“ 26013(true)

The 8% prior on sin® 203 corresponds to the current
accuracy in the measurement of this quantity. No prior
on 63 or Am%z is used because these parameters will
be directly measured at the ICAL.

While implementing the minimization procedure,
X%c AL 18 first minimized with respect to the pull vari-
ables &, and then marginalized over the 30 allowed
ranges of oscillation parameters sin? 6r3, Amgff, and
sin” 2613, wherever appropriate. We do not marginalize
over dcp, Am%l, and 61> because they have negligible
effect on the relevant oscillation probabilities at ICAL
[18,122]. Also, cp = 0 throughout the analysis.

5.8.2 Mass hierarchy sensitivity. We quantify the
statistical significance of the analysis to rule out the
wrong hierarchy by

AX3carmm = Xicar (false MH) — 30, (true MH).
(5.17)

Here, X%C Ap(true MH)  and X%C Ar (false MH)  are
obtained by performing a fit to the ‘observed’ data
assuming true and false mass hierarchy, respectively.
Figure 5.13 shows the mass hierarchy sensitivity of
ICAL as a function of the run-time of the experiment.

]S
r NH (true), 50 kt 30
sl —=— (,cos8, E )
= [ —a— (E,, cos 0,)
I i
jl 15 c
S 1

Run-time (years)
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It is found that after including the hadron energy infor-
mation, 10 years of running of the 50 kt ICAL can
rule out the wrong hierarchy with A X%C aLmg ~ 9.7
(for true NH) and A X%C aLvyg ~ 9.1 (for true TH).
In other words, the wrong hierarchy can be ruled
out to about 30 for either hierarchy. If the true val-
ues of 63 and 63 are varied over their allowed 3o
range, the corresponding range for A X%C ALMy after
10 years is 7-12. Compared to the results without using
hadron information, with the same binning scheme, the
value of A X%C AL-Mp increases by about 40% when the
correlated hadron energy information is added. This
improvement is not merely due to using additional bins
compared to the muon-only analysis, as can be checked
by comparing the results with those in §5.2.

5.8.3 Precision measurement of atmospheric param-
eters. In order to quantify the precision in the mea-
surements of a parameter A (here A may be sin” 63 or
Am%2 or both), we use the quantity

AXxTeaLpm® = xTcaL®) — X3 (5.18)

where xé is the minimum value of X%c AL In the
allowed parameter range.

The two panels of figure 5.14 show the sensitivity of
ICAL to the two parameters sin” 6»3 and |Am%2| sep-
arately, where the other parameter has been marginal-
ized over, along with 613 and the two possible mass
hierarchies. While the figure shows the results for NH
as the true hierarchy, the results with true IH are
almost identical. It may be observed from the figure
that with the inclusion of hadron energy information,
500 kt-yr of ICAL exposure will be able to measure
sin? 623 to a lo precision of 12% and |Am§2| to a
lo precision of 2.9%. This may be compared with

25 -
r IH (true), 50 kt
20 —— (&,cosb, E:. ")
E r—e—- (E“, cos Su)
j‘ 15 ; 777777777777777777777777777777777777777777777777777777777777777777777 4{&
o L
- |

= 10 -
< 3o
5
[T e T 35
1) - ! ! J
5 10 15 20

Run-time (years)

Figure 5.13. A x%c AL.Mp as a function of the exposure assuming NH (left panel) and IH (right panel) as the true
hierarchy. The line labelled (£, cos6,,) denotes results without including hadron information, while the line labelled
(E,.cosBy,, Ej ) denotes improved results after including hadron energy information [14]. Here we have taken

sin? 20;3(true) = 0.1 and sin® 6x3(true) = 0.5.
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|Am§2| plane (right panel), using the hadron energy information, with NH as the true hierarchy. The true choices of the

parameters have been marked with a dot [14].

the muon-only analysis with identical (E,, cos6,)
binning, which gives precisions of 13.7 and 5.4%,
respectively.

Figure 5.15 shows the A X%C AL-pM Contours in the
sin? 6r3—]| Am§2| plane (left panel) and in the sin® 203—
|Am§2| plane (right panel), using the hadron energy
information. Here the true value of 6>3 has been taken
to be maximal, and so the contours in the left panel are
almost symmetric in sin? 63.

Figure 5.16 shows the comparison of the pro-
jected 90% CL precision reach of ICAL (500 kt-yr)
in sin? 923—|Am%2| plane with other experiments
[127-129]. Using hadron energy information, the ICAL
will be able to achieve the sin® 63 precision compa-
rable to the current precision for Super-Kamiokande
[127] or T2K [129], and the |Am§2| precision com-
parable to the MINOS reach [128]. Of course, some
of these experiments would have collected much more
statistics by the time I[CAL would have an exposure of
500 kt-yr, and so the ICAL will therefore not be
competing with these experiments for the precision
measurements of these mixing parameters. However,
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Figure 5.16. 90% CL contours in the sin? 923—|Am§2|

plane (2 dof): the current limits from Super-Kamiokande

[127], MINOS [128], and T2K [129] have been shown along

with the ICAL reach for the exposure of 500 kt-yr, assuming

true NH. The true choices of the parameters for [CAL have
been marked with a dot [14].

the ICAL measurements will serve as complementary
information for the global fit of world neutrino data.
Note that, as compared to the atmospheric neutrino
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Figure 5.17. A X%C AL-pm confidence level contours in the sin? 923—|Am§2| plane, for sin? 63 (true) = 0.37 (left panel) and
sin” 63(true) = 0.63 (right panel), using the hadron energy information. Here the true hierarchy is NH [14].

analysis at Super-Kamiokande, the ICAL precision on
|Am§2| is far superior. This is due to the better preci-
sion in the reconstruction of muon energy and direction
at ICAL.

With a non-maximal true value of 6,3, the bounds on
sin? 6,3 range will be asymmetric about 0.5. Figure 5.17
shows the sensitivity of ICAL for sin” 26,3 = 0.93 (i.e.
sin? 623 = 0.37, 0.63). It may be observed that for 653
in the lower octant, the maximal mixing can be ruled
out with 99% CL with 500 kt-yr of ICAL data. How-
ever, if 63 is closer to the maximal mixing value, or in
the higher octant, then the ICAL sensitivity to exclude
maximal mixing would be much smaller.

5.8.4 Non-maximal 6»3 and its octant. In analogy
with the mass hierarchy discovery sensitivity, the sta-
tistical significance of the analysis to rule out the wrong
octant is quantified as

2 2 2
AXTcaL-0s = XTcaL (false octant) — x a1 (true octant).

(5.19)
Y 3o
Si NH (true), 500 kt - yr
7E — (B, cos0,,E] )
g 6; —-(E,,c08,)
z s
S} = E N
e S 34
<3
2
e ic
|| B B ! ot IR R
035 04 045 05 055 06  0.65

sin’ 0,5 (true)

Here, X%C AL (true octant) and X%C A1 (false octant) are
obtained by performing a fit to the ‘observed’ data assu-
ming the true octant and wrong octant, respectively.
Figure 5.18 shows the sensitivity of ICAL to
the identification of the 63 octant, with and with-
out including hadron energy information. It may be
observed that a 20 identification of the octant is pos-
sible with the 500 kt-yr INO data alone only when the
true hierarchy is NH and the true octant is LO. In this
case, without using the hadron energy information, one
can get a 2o identification only when sin? 613 (true) <
0.365, which is almost close to the present 30 bound.
With the addition of hadron energy information, this
task is possible as long as sin® 63 (true) < 0.395. If
the true octant is HO or the true mass hierarchy is
inverted, then the discrimination of 6,3 octant with the
ICAL data alone becomes rather difficult. The reach is
found not to be much sensitive to the exact value of 6;3.
Clearly, the octant discrimination becomes more and
more difficult as the true value of sin® 63 goes close
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Figure 5.18. A X%C AL-0s Tor octant discovery potential as a function of true sin” 63. The left panel (right panel) assumes
NH (IH) as true hierarchy. The line labelled (£, cosé,,) denotes results without including hadron information, while the
line labelled (E,, cos6,, E} ;) denotes improved results after including hadron energy information. ICAL exposure of

500 kt-yr is considered [14].
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to the maximal mixing. A combination of atmospheric
as well as long-baseline experiments is needed to make
this measurement [130].

In conclusion, the inclusion of correlated hadronic
information improves the sensitivity of ICAL to mass
hierarchy, precision measurement of |Am%2| and 6>3,
exclusion of maximal mixing, as well as 6,3 octant
determination. This analysis appears to be the optimal
one to extract information from ICAL data. How-
ever, for the potential of this method to be realized, a
very good understanding of the hadron response of the
ICAL detector is crucial.

5.9 ICAL physics potential: Highlights

In summary, the ICAL detector is extremely suitable
for determining the neutrino mass hierarchy, due to its
capabilities of measurements of muon and hadron ener-
gies, and identification of the muon charge. The clean-
est and the simplest analysis of the ICAL data uses the
information on muons only. However, the reach of the
detector improves tremendously if the information on
hadron energy is also used additionally. Simply adding
this energy to the muon energy to reconstruct the neu-
trino energy is, however, not enough, as it causes
some dilution in the accurately known muon infor-
mation. The information on the muon energy, muon
direction, and hadron energy has to be kept separately
and used in the analysis. Such an analysis indicates that
in 10 years, a 50 kt ICAL can, by itself, distinguish
between the normal and the inverted hierarchy with a
significance of more than 3o.

One important point to emphasize here is that this
capability of ICAL is independent of the actual value
of 5cp. Hence, the results in this section are indepen-
dent of §cp. Moreover, this feature may be exploited
by combining the ICAL information with that from
the other CP-sensitive experiments, to improve the
mass hierarchy discrimination. Such synergies between
ICAL and the other experiments will be explored in the
next section.

6. Synergy with other experiments

The whole is greater than the sum of its parts.

— Aristotle
While ICAL has not yet started construction, long-
baseline experiments like NOvA [68—70] and T2K [39]
have already been taking data, and are in principle sensi-
tive to the mass hierarchy. Apart from them, major
atmospheric neutrino detectors like Hyper-Kamiokande
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(HK) [72], Precision IceCube Next Generation
Upgrade (PINGU) [73] and Oscillation Research with
Cosmic in the Abyss (ORCA) [131] are being planned.
The medium-baseline reactor oscillation experiments
JUNO [132] and RENO-50 [83] also will aim to deter-
mine the mass hierarchy by performing a very precise,
high statistics measurement of the neutrino energy
spectrum. In this section, we first comment on the
individual sensitivities of these experiments, and later
explore the synergy between them.

While NOvA and T2K get a large number of events
due to intense neutrino beams created at Fermilab and
J-PARC respectively, the neutrino-baseline distances
available to them are rather small (=800 and 300
km, respectively), compared to those for atmospheric
neutrinos, which can be as long as 10000 km. As a
result, the matter effects experienced by the neutri-
nos during their propagation, which are crucial for the
mass hierarchy identification, are small. In spite of
this, the large input flux allows NOvA to be sensitive
to mass hierarchy, at least with favourable values of
dcp.

HK is a planned water Cherenkov detector with a
fiducial volume of 500 kt, while PINGU is a megaton-
size part of IceCube, where an increased density of the
digital optical modules would bring down the thresh-
old from 150 to 5 GeV so that atmospheric neutrinos
may be detected. ORCA would be a deep sea neutrino
telescope in the Mediterranean Sea. All these detectors
can measure the energy and direction of muons as well
as electrons (PINGU can also detect hadron showers
through their cascade events). However, they do not
have charge identification capabilities. The sensitivities
of these atmospheric neutrino experiments will arise
from their large sizes, which lead to a large number
of events.

The reactor experiments JUNO and RENOS50, with
~50 km baseline, will approach the mass hierarchy
measurement by using interference effects between
the two oscillation frequencies [133,134]. Determina-
tion of mass hierarchy in such set-ups require a very
good knowledge of the shape uncertainty of the reac-
tor neutrino fluxes and the non-linearity of the detector
response. In a detailed analysis by the JUNO Collab-
oration [82], it has been claimed that ~30 sensitiv-
ity to mass hierarchy including reasonable values of
systematic uncertainties is possible in six years.

In figure 6.1, we compare the individual hierarchy
sensitivities of NOvA, HK, and PINGU with the sen-
sitivity of ICAL [135]. The figure is drawn following
[18], wherein the median sensitivities of the experi-
ments are shown when the true hierarchy is NH. The
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Figure 6.1. Projected hierarchy sensitivities of NOvA, ICAL, HK, and PINGU, if the true hierarchy is NH. It is to be
noted that this figure is only indicative in nature; the actual sensitivities may get altered with changes in analysis techniques,
systematics etc. While NOvA has already started taking data, the other experiments are yet to start.

NOVA results, obtained by using GLoBES [136,137],
assume equal time runs for v and v every year, with
two 603 values, 40° and 50°. The projected sensitiv-
ities of ICAL from [14], HK from [138] and PINGU
from [73] are used in generating this plot. Note that
the sensitivity for ICAL shown here is higher than that
shown in [18] due to the improvement coming from the
inclusion of hadronic information [14].

The width of the shaded/coloured regions for NOvA
arises from the variation of dcp in its full range, while
for atmospheric neutrino experiments, which are insen-
sitive to dcp, the width of the shaded region is due
mainly to the variation of 6>3. (The 6»3 ranges used are
slightly different for different experiments, depending
on what they use for their analyses. The range used is
38°-53° for ICAL, 40°-50° for HK, and 38.7°-51.3°
for PINGU.) The lower end of the bands, indicating
the worst sensitivity, corresponds to the lowest value
of 6»3.

The figure demonstrates that after three years of v
and three years of v run at NOvA, which is the current
plan, one may obtain a sensitivity anywhere between
0.50 and 3.50, depending on the actual value of
dcp. HK can attain a 30 sensitivity to mass hierar-
chy in approximately five years for sin’6»;3 = 0.5
[72], while PINGU can reach the same sensitivity in
three years for this scenario, if the cascade events can
be included in the analysis [73]. The hierarchy sen-
sitivity of PINGU and HK depends strongly on 63,
growing very fast with increasing 63 because of the
corresponding increase in the number of events. ORCA
(not shown in the figure) can achieve 3—50 hierarchy
sensitivity using the muon events for a 20 Mt-yr expo-
sure [131]. ICAL is expected to take about 9-10 years
to reach the 30 sensitivity by itself. However, if true
value of §cp is in the unfavourable region for NOvA,
then an early hint may be obtained from ICAL. Even

later, for lower values of 6,3, the hierarchy sensitivity
of ICAL can be greater than that of HK.

The relative importance of different experiments to
the mass hierarchy determination thus depends cru-
cially on what the value of §cp is, and what the starting
dates of the experiments are. However, note that ICAL
is the only experiment among these that has a magnetic
field and the resulting charge identification capability
that can distinguish between neutrinos and antineutri-
nos. Among the atmospheric neutrino experiments, it
will be the only experiment that can perform a neutrino
and antineutrino analysis independently. Its importance
in pinning down the mass hierarchy is thus expected to
be crucial.

So far in this Review, the expected data from ICAL
alone have been used. However, the reach of INO will
be enhanced due to the information available from ear-
lier experiments. A consistent way of taking the impact
of these experiments into account is to include their
data in a combined x2 fit. In this work, we present
the impact of the prior data from these experiments on
the ICAL physics reach, as well as how the ICAL data
will help these experiments remove certain ambiguities
from their analysis, and zero in on the actual neutrino
mixing parameters.

6.1 Combined mass hierarchy reach at §cp = 0
for ICAL + T2K 4+ NOvA

As we have seen in §5, the 50 kt ICAL by itself
can identify the mass hierarchy with a significance of
Ax? ~ 9 with 10 years of running. This reach is inde-
pendent of the actual value of the CP-violating phase
dcp. Currently running fixed-baseline experiments like
T2K and NOvA would already have obtained some
sensitivity to the mass hierarchy during their run. This
sensitivity will depend on the actual value of §cp, as we
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shall see in §6.2. In this section, we shall see the effect
of using the information from these experiments, in the
case where the value of Scp is taken to be zero. Note
that the contribution of the current reactor experiments
to the mass hierarchy measurements is negligible
[11].

A preliminary estimate of the combined sensitiv-
ity to the neutrino mass hierarchy as a function of
the number of years of run of the ICAL atmospheric
neutrino experiment is shown in figure 6.2 [17]. For
each set of oscillation parameters, the joint x? from all
experiments is given by

X2 = XE + X-%— + Z Xi2 + X;%rior’

1

(6.1)

where x2, Xer are as defined in eqs (5.13) and (5.14),
>, x7 is the contribution from the accelerator experi-
ments (i runs over T2K and NOvA), and Xp%rior is the
prior on 63 from the reactor experiments. Here a prior
of 4.5% on sin? 2013 has been taken, which matches the
outcome of the recent global fit [53]. This joint x? is
computed and marginalized over all oscillation param-
eters, to determine the minimized joint A x? shown in
the figure. Note that the x-axis in this figure shows the
number of years of running of ICAL only. We assume
a complete T2K run (total luminosity 8 x 10! protons
on target) with neutrinos only, three years of NOvA
run with neutrinos, and three years of NOvA run with
antineutrinos have already been completed. We use the
standard set-up of these experiments as in the GLoBES
package [136,137].

The figure shows that the prior information from
T2K and NOvA implies that the target of Ay? = 9
significance for the hierarchy identification may now
be achieved within six years of the ICAL running,
as opposed to about ten years with only the ICAL
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data. Note that this is not just the effect of Ax? pro-
vided by the fixed-baseline experiments. These experi-
ments also yield an improved precision in 6»3, |Am§ff|
(through their disappearance channel), and in 613 (through
their appearance channel). As a result, the impact of
marginalization over these parameters in the ICAL
analysis is greatly reduced. Indeed, for 500 kt-yr of
ICAL data, the contribution of A XIZC ALMy o total
Ax? in the case of true normal hierarchy increases
from 9.5 (without the data from T2K and NOvA) to
10.4 (with the data from T2K and NOvA). Note that
the contributions of T2K and NOvA themselves are
expected to be A x? A~ 0.12 and 2.6, respectively.

The fact that total A X2 in the ICAL, T2K, and
NOvVA experiments is greater than the sum of their indi-
vidual A x? values is the synergy among these experi-
ments. Though ICAL is the dominant contributor to
the hierarchy sensitivity in this case, it clearly benefits
tremendously from this synergy. Similarly, for other
physics issues like the precision measurements of mix-
ing parameters, the combination of data from long-
baseline experiments and ICAL will help improve our
overall understanding of these parameters. Here, the
long-baseline experiments are expected to play dom-
inant roles because they are directly sensitive to 63
and |Am§ff| through their disappearance channel, while
ICAL is expected to play a complementary role.

So far we have discussed the case of cp = 0. In
the next section, we shall explore the case of non-
vanishing dcp in detail because it affects the mass
hierarchy sensitivity of fixed-baseline experiments.

6.2 Ensuring mass hierarchy sensitivity for all §cp

As seen in §5.6, the insensitivity of ICAL to the
actual value of §cp comes from the fact that the muon

N —————
—— ICAL only (Eu,cos Gu,Ehﬂd) b
—+— ICAL + T2K + NOvA

25

True IH

20

Ax? (MH)
L
I

Run-time (years)

Figure 6.2. Preliminary results on A x2 for the wrong hierarchy obtained from a combined analysis of T2K (a luminosity
of 8 x 10?! protons on target in neutrino run), NOvA (three-year neutrino and three-year antineutrino runs), and ICAL
[17]. The left (right) panel is for true normal (inverted) hierarchy. We take sin? 26;3(true) = 0.1, sin? fp3(true) = 0.5, and
dcp = 0, and all parameters are allowed to vary over their 3o ranges as shown in table 1.1.
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neutrinos at ICAL come dominantly from the original
unoscillated muon neutrinos, while the muon neu-
trinos coming from the oscillated electron neutrinos
play a subdominant role. The survival probability P,
(see Appendix B) is therefore more relevant than the
conversion probability Pe. In P, the CP-violating
phase Scp appears as a subdominant oscillating term,
whose oscillations, moreover, are averaged out due to
the uncertainties in the energies and directions of the
incoming neutrinos [19].

On the other hand, the fixed-baseline experiments
like T2K or NOvA are sensitive to the conversion prob-
ability P,., whose dominant term depends on Jcp.
Moreover, though this term is oscillating, these experi-
ments have a better knowledge of the neutrino energies,
and the neutrino directions are very precisely known.
As a result, the data at these experiments are highly
sensitive to §cp. In particular, while performing the fit
to the data, the value of §cp can be adjusted, along with
the value of |Am§1 [, to compensate for the wrong hier-
archy in half the 6cp parameter space. As a result, even
if the wrong hierarchy is being fitted, a good fit may be
obtained, albeit at a wrong value of §cp. As the actual
dcp value is unknown, this worsens the hierarchy sensi-
tivity of the experiment. This may be seen from the left
panel of figure 6.3, where the actual §cp is taken to be
vanishing. However, NOvA gives a better fit at another
value of dcp, with a very reduced value of §cp as com-
pared to that at the true écp value. In the absence of any
knowledge about the actual dcp value, this results in a
reduced performance of the detector.

The right panel of figure 6.3 shows Ax? for the
mass hierarchy sensitivity as a function of dcp(true).
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The data are generated for normal hierarchy at each
value of §cp(true) shown on the x-axis, and a fit is per-
formed for inverted hierarchy by marginalizing over
all oscillation parameters, including §cp. Clearly, the
reach of NOvA alone for determining the neutrino
mass hierarchy is extremely sensitive to the actual
value of §cp. While the sensitivity is A X2 ~ 9 for
Scp(true) near 270°, it falls to almost zero for §cp(true)
=~ [50°-150°].

When T2K and all reactor data are added, there is
some improvement to the combined sensitivity. In par-
ticular, in the Scp(true) =~ [50°-150°] range where
NOVA by itself gives no mass hierarchy sensitivity, the
addition of T2K and reactor data takes Ax?2 to ~3.5.
The reason for this is the mismatch between the best-
fits for different experiments. For the same reason, even
the reactor data that are not sensitive to dcp but only
to |Am§1| help, albeit marginally, in disfavouring the
spurious best-fit minima for the wrong hierarchy, as
they do not allow the fit value of |Am§1| to stray far
from the actual one. A combined fit with all acceler-
ator and reactor data thus gives a best-fit at a point
(5cp = 198°, sin® 3 = 0.48 and sin®26;3 = 0.1)
where the tension between these experiments gives
a small hierarchy sensitivity even in the disfavoured
Scp(true) range ([0°—180°] for normal hierarchy).

Finally, addition of the ICAL data raises Ax? by a
constant amount for all values of Scp(true), and ensures
the identification of hierarchy to more than Ax? ~
10 for even those §cp(true) values for which other
experiments cannot rule out wrong hierarchy by them-
selves. In the best-case scenario, the hierarchy may be
identified to A x2 = 20.
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Figure 6.3. The left panel shows A x2 for mass hierarchy sensitivity at NOvA and ICAL, when the actual value of Scp is
vanishing, and different test values of §cp (shown along the x-axis) are taken. The right panel shows the dependence of mass
hierarchy sensitivities of experiments (or their combinations) to the actual §cp, when the test Scp is varied over all its range
for minimizing A x2. The full proposed runs of the long-baseline and reactor experiments are taken. The ICAL exposure is
taken to be 500 kt-yr, and only the muon energy and direction are used, ignoring the hadron information [11].



Pramana — J. Phys. (2017) 88: 79

Note that the ICAL results in the figure have been
obtained by using only the information on muon energy
and momentum. If the hadron information is also
added, the combined Ax? of all the experiments is
expected to be 12-22, depending on whether the actual
dcp value is favourable to the fixed-baseline experi-
ments or not.

6.3 Octant of 623 from the ICAL, NOvA, and T2K data

Combined analysis of all the neutrino oscillation data
available disfavours the maximal mixing solution for
03 at 1.40 confidence level [54,57] which is mostly
driven by the MINOS accelerator data in v, and v,
disappearance modes [60]. Now, if sin? 2653 turns out
to be different from unity as suggested by the recent
oscillation data, this creates the problem of octant
degeneracy of 0,3 [61]. In a recent global fit work by
Capozzi et al [58], the authors have found an over-
all preference for the first or lower octant (LO) at
95% confidence level assuming normal hierarchy. In
the case of inverted hierarchy, the higher octant (HO)
seems to be preferred [54].

In this section, we present the preliminary results
showing the discovery reach of the octant of 63 with
atmospheric neutrinos at ICAL in combination with the
projected T2K [139,140] and NOvA [68-70] data. We
have performed the analysis for ICAL by using only
the information on muon energy and muon direction
which has been described in detail in §5.2. The Earth
matter effect in the P, channel can be very useful to
resolve the octant ambiguity of 6,3 [124].

The potential of the experiments for excluding the
wrong octant as a function of true value of sin? 0h3 is
shown in figure 6.4. For each given value of 6>3(true),
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we marginalize over all the allowed values of 6,3 in the
opposite octant, including the maximal mixing value.
We take 5% prior on sin? 2013 with a true value of 0.1,
and take |Am§ff|(true) = 2.4 x1073 eV2. No priors
have been taken on atmospheric parameters. In the
case of T2K and NOvA, we generate the data with
dcp = 0°, but while performing the fit, we marginal-
ize over the entire range of §cp between 0 and 2. For
ICAL, we take dcp = 0° both in data and in the fit as
ICAL atmospheric analysis is not sensitive to §cp.

From figure 6.4, we can see that 50 kt ICAL in ten
years can identify the correct octant at 20 if sin® 6»3
(true) < 0.38(0.35) only when the true hierarchy is
normal(inverted) and the true octant is LO. The green
dotted line depicts the combined sensitivity of T2K (2.5
years of v run + 2.5 years of v run) and NOvA (3 years
of v run 4 3 years of v run). The red dashed line pre-
sents the combined results of ICAL, T2K, and NOvA.

The projected data from T2K and NOvA will clearly
play a crucial role in addressing the issue of 6,3 octant.
Adding the information from these long-baseline expe-
riments, we can improve the octant discovery reach
of ICAL significantly, suggesting the possible syn-
ergy between the atmospheric and long-baseline data.
While the contribution of ICAL itself is marginal,
the combined atmospheric and long-baseline data can
establish the correct octant at 3o if sin’ 6r3(true) <
0.42(0.43) assuming normal(inverted) hierarchy and
the lower octant is chosen by nature.

6.4 ICAL data for improving CPV discovery potential
of T2K and NOvA

The identification of mass hierarchy and measurement
of CP violation are intrinsically interconnected at the
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Figure 6.4. A X%C AL-0s for octant discovery potential as a function of true sin 6»3. The left (right) panel assumes normal
(inverted) hierarchy as the true choice. In each panel, the black solid line shows the performance of ICAL with an exposure
of 500 kt-yr using only the information on muon energy and muon direction. The green dotted line depicts the combined
sensitivity of T2K (integrated luminosity of 4 x 102! protons on target in neutrinos and 4 x 10?' protons on target in
antineutrinos) and NOvA (three years of v run + three years of v run). The red dashed line presents the combined results of
ICAL, T2K, and NOvA.
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fixed-baseline experiments, due to the leading term
in the relevant conversion probability P, as given in
Appendix B. Therefore, in the absence of knowledge
about hierarchy, it is possible that the wrong hierarchy
conspiring with an incorrect value of §cp may mimic
the correct combination of hierarchy and §cp. As a
result, in the unfavourable range of dcp as described
in §6.2, i.e. cp € [0°, 180°] if the actual hierarchy
is normal (NH) and §cp € [180°, 360°] if the actual
hierarchy is inverted, the ability of NOvA and T2K to
measure §cp, in particular to discover non-zero §cp and
hence CP violation, is severely curtailed. The hierar-
chy sensitivity of an atmospheric neutrino experiment
like ICAL, which is independent of the actual §cp
value, can restore the ability of these fixed-baseline
experiments to discover CP violation [19,88].

The ICAL analysis is performed using only the
information on muon energy and direction, neglect-
ing hadronic information, and taking an exposure of
500 kt-yr. The input parameter ranges and marginaliza-
tion ranges as given in table 1.1 are used, with the prior
of 5% taken on 013. The discovery potential for CPV
is quantified by considering a variation of 5cp over the
full range [0°, 360°] in the simulated data, and comparing
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it with cp = 0° or 180° in the theory expectation. The
definition of x? used is the same as in §5.2.

In figure 6.5, we plot the CPV discovery potential
of T2K and NOvA with and without information from
ICAL. For T2K and NOvA, the same specifications
as in §6.1 have been used. The figure shows that, as
expected, the CP-violation sensitivity of the experi-
ments is zero for true Scp = 0 and 7, while it is close
to maximum at the maximally CP-violating values
dcp = 90° or §cp = 270°, depending on the hierar-
chy. The CPV discovery with NOvA and T2K suffers a
drop in one of the half-planes of §cp, depending on the
true hierarchy — in the region [0°, 180°] if it is NH and
[180°, 360°] if it is IH.

The figure also shows that the additional informa-
tion from ICAL will increase the sensitivities of these
experiments in the unfavourable §cp half-plane. This
corresponds to an almost two-fold increase in the range
of §cp values for which CP violation can be discov-
ered by the fixed-baseline experiments, and it happens
because the hierarchy sensitivity of ICAL excludes the
wrong-hierarchy minimum for the CPV discovery at
20. Thus, it is quite possible that, though an atmo-
spheric neutrino experiment like ICAL is not sensitive
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Figure 6.5. CPV discovery vs. true §cp for NOvA + T2K and NOvA + T2K + ICAL, for 63(true) = 39° (upper row)
and 45° (lower row). The left and right panels correspond to normal and inverted true hierarchies, respectively. We use
sin? 26013 = 0.1, a prior of 0p,; = 0.005, and a 500 kt-yr exposure for the ICAL.
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to the CP phase, the first signature of CP violation may
well come by the addition of ICAL data to those of
these fixed-baseline experiments, possibly even a few
years after these experiments have completed their runs
[19,88].

The sensitivities of the fixed-baseline experiments
to CPV discovery, and the relative improvement due
to the addition of ICAL, have a clear dependence on
623, which may be discerned from figure 6.5, where we
compare the results with 63 = 39° and 63 = 45°. In
the favourable Scp region, the CPV discovery poten-
tial worsens with increasing 6»3. This is because the
dcp-independent leading term in eq. (B.9) increases
with 6»3, giving a higher statistical error, while the
CP-dependent term has only a weak dependence on
this parameter [86]. In the unfavourable region, on the
other hand, the CPV discovery potential improves with
increasing 6»3. This happens because here the minimum
of x? from the long-baseline experiments comes with
the wrong hierarchy, and the atmospheric neutrino data
are needed to bring it to the correct hierarchy. The hierar-
chy identification capability of atmospheric neutrino
data increases for larger 6»3, and hence the improvement
in CPV discovery potential with higher 6,3, as can be
seen in figure 6.5. For 63 2 50°, the ICAL infor-
mation is nearly superfluous, because the hierarchy
sensitivity of the T2K and NOvA combination itself
is good enough to exclude the wrong hierarchy CPV
discovery minimum even for unfavourable dcp values.

In this section, we have shown that for unfavourable
values of dcp, atmospheric neutrino data from ICAL
considerably improves the CPV discovery potential of
T2K and NOvA, and can lead to a significant CPV
discovery using existing and upcoming facilities for
a large fraction (Z50%) of écp values. Adding ICAL
muon data to T2K and NOvA results in an enhanced
CPV discovery potential at 20 for almost twice the
range of dcp values compared to the fixed-baseline
experiments alone. For maximal CPV the signifi-
cance of the signal can reach 3¢ in the unfavourable
half-plane also. Indeed, if nature has chosen such
unfavourable combinations of parameters then the
addition of ICAL to T2K+NOvA may give us the first
signal of leptonic CP violation.

7. Exploring new physics at ICAL

The end of all our exploring will be to arrive where we
started. And know the place for the first time.

—T S Eliot
In addition to determining the parameters describing
neutrino masses and mixing, the neutrino detection at
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ICAL may be used for probing various sources of new
physics that can affect neutrino oscillations. Moreover,
while ICAL is primarily designed for detecting muons
and hadrons produced from neutrino interactions, it can
also be sensitive to more exotic particles like magnetic
monopoles or dark matter particles passing through
the detector. In this section, we briefly discuss a few
such ideas.

7.1 Probing Lorentz and CPT violation

Invariance under the product of charge conjugation (C),
parity (P), and time reversal (T), i.e., the CPT theo-
rem [141,142], is an essential feature of quantum field
theories that underlie particle physics. This is a con-
sequence of the invariance of the Lagrangian under
proper Lorentz transformations. However, in a Stan-
dard Model extended (SME) Lagrangian that does not
respect the Lorentz transformation symmetry, the CPT
violation (CPTV) may be manifest [143,144], which
may be measurable at the neutrino oscillation exper-
iments. Some bounds on the CPTV parameters have
already been obtained, using the atmospheric neu-
trino data from Super-Kamiokande [145]. The ultra-
high energy neutrino data are expected to be especially
sensitive to CPTV; for instance, see [146]. If the effects
of CPTV are not observed, one may obtain limits on
CPT and Lorentz-violating parameters.

7.1.1 CPTV effects at the probability level. Lorentz
violation may be introduced in the effective Lagrangian
for a single fermion field as [147]

L= i‘/_fa,uyuw - m‘/_“p - A/LI/_/VM‘/f - Bu‘ﬁVSV“‘/’»
(7.1)

where A, and B, are constant 4-vectors. The terms
containing A, and B, may be induced by new physics
at higher energies, for instance. Since A, and B,
are invariant under boosts and rotations, they explic-
itly give rise to Lorentz violation, which in turn leads
to CPTV [148]. (CPT violation may also occur if
particle and antiparticle masses are different. Such vio-
lation, however, also breaks the locality assumption of
quantum field theories [148]. This mode of CPTV is
not considered here.) The effective CPTV contribution
to the neutrino Lagrangian can then be parametrized
[149] as

LY = 52 peb 107, (7.2)
where bﬁﬁ are four Hermitian 3 x 3 matrices corre-
sponding to the four Dirac indices pu, while «, 8 are
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flavour indices. The effective Hamiltonian in vacuum
for ultrarelativistic neutrinos with definite momentum
p then becomes

MM )

=2, + 0,
where M is the neutrino mass matrix in the CPT-
conserving limit and b is the CPT-violating term.

For atmospheric neutrinos that may pass through
appreciable amounts of matter before reaching the
detector, the effective Hamiltonian in the flavour basis,
that takes the matter effects and CPTV effects into
account, may be written as

(7.3)

1 _
Hy = 2E U - DO, Am3,, Am3,) - U(;
+ Uy Dy(0.8b21.6b31)-Uj + Dn(Ve, 0,0), (7.4)

where Uy and Up, are unitary matrices that diagonalize
the MM and b matrices, respectively, while D, D,,
and D are diagonal matrices with their elements as
listed in brackets. Here, V, = V2G FN. with the
electron number density N,, and §b;; = b; — by for
i = 2,3, with by, by and b3 the eigenvalues of b.

As in the standard convention, Uy is parametrized
by three mixing angles (612, 623, #13) and one phase
dcp. The matrix Up is parametrized by three mixing
angles (0p12, Op23, 0p13) and six phases. Thus, H¢ con-
tains six mixing angles (612, 623, 613, Ob12, Op23, Ob13)
and seven phases.

The results will clearly depend on the mixing angles
in the CPTV sector. In this section, we examine the
effects of three different representative sets of mix-
ing angles: (1) small mixing: (Bp;p = 6°,6pr3 =
9°, 0p13 = 3°), (2) large mixing: (6p12 = 38°, Opp3 =
45°, 6p13 = 30°) and (3) identical to the mixing angles
in the PMNS matrix: (0p1p = 612, 0po3 = 623, 0p13 =
013). For simplicity, all seven phases have been taken
to be zero, and the neutrino oscillation parameters as
given in table 1.1 are used. It is observed that in the
probability expressions, §by1 always appears with the
smaller (by a factor of 30) mass squared difference
Am%l. Thus, its effects on oscillations are subdomi-
nant, limiting the capability of atmospheric neutrinos
to constrain it, so that no useful constraints on §by;
seem to be possible.

For illustration, the oscillograms for the difference of
the survival probability of v, with and without CPTV
for 8b31 = 3 x 10723 GeV are shown in figure 7.1.
Several general features may be observed. First, the
CPTYV effects are larger at larger baselines for all ener-
gies. This is as expected from the results of the two-
flavour analysis [96], which showed that the survival
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probability difference in vacuum is proportional to
sin(Am2L /2E) sin(8bL). Secondly, as is well-known,
matter effects are large and resonant for neutrinos with
NH, and for antineutrinos with IH. Thus, in both these
cases, they mask the (smaller) effect of CPTV stem-
ming from Uj. Hence, for neutrino events, the CPTV
sensitivity is significantly higher if the hierarchy is
inverted as opposed to normal, and the converse is true
for antineutrino events. Finally, the CPTV effects are
largest for Cases 2 and 3, as compared to Case 1. This is
due to the fact that mixing in Case 1 is very small com-
pared to the other two. The origin of the difference for
Cases 2 and 3 may be due to the fact that CPT violating
effects are smaller when 613 is large [15].

7.1.2 Simulation procedure and results. The oscilla-
tion probabilities are calculated with the true values of
oscillation parameters corresponding to table 1.1 and
assuming no CPTV. The re-weighting algorithm [11]
has been used to generate oscillated events. The energy
resolutions, efficiencies, and charge misidentification
errors are taken into account. Oscillated muon events
are binned as a function of muon energy (10 bins) and
muon zenith angle (40 bins). These binned data are
folded with detector efficiencies and resolution func-
tions. These data (labelled as N®) are then fitted with
another set of data (labelled as N'M), where CPTV is
allowed. The statistical significance of the difference
between these two sets of data is calculated, using
the pull method to include systematic errors as in the
analyses in §5. x2 is calculated separately for the ™t
and u~ events and then added, to exploit the charge
identification capability of ICAL. Marginalization has
been carried out with respect to the neutrino oscilla-
tion parameters Am%l, 63, 013, which are varied over
their 30 allowed ranges. The CP-violating phase dcp is
varied over its whole range, while 85> is marginalized
over the range 0 to 5 x 10723 GeV.

Figure 7.2 illustrates the results of the analysis. It
is observed that the best bounds on b3 are obtained
for both hierarchies in Case 3, where mixing in the
CPTV sector is the same as the neutrino mixing. Good
bounds are also obtainable if the mixing in the CPTV
sector is large, as in Case 2. While the analysis for all
mixing angles of U, has not been carried out, these
results indicate that, as long as the mixing angles are
not too small, limits on §b3; of the order of 4 x 10723
GeV will be possible at 99% CL. It should be noted
that the above analysis assumes the mass hierarchy
to be known. Indeed, if the marginalization over the
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for illustration [15].

hierarchy is carried out, the results are considerably
weaker.

Note that this study pertains to the type of CPTV that
may be parametrized by eq. (7.1), which stems from
explicit Lorentz violation, and the analysis is restricted
to the muon detection channel. The CPTV that gives
rise to differing masses for particles and antiparticles
has not been considered. Given the smaller statistics
and flux uncertainties that typify atmospheric data, it
would be difficult to obtain good sensitivities to this

type of CPTV, which breaks the locality assumption of
quantum field theories. Finally, we note that in order to
obtain good sensitivity to CPTV, knowing the hierar-
chy will be an important asset. This will anyway be the
focus of many other analyses at ICAL.

7.2 Search for magnetic monopoles

The possible existence of magnetic monopoles (MM)
is predicted by unification theories. These monopoles
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Scp, Am%1 , and 8by1. Left and right panels are for normal and inverted hierarchy respectively [15].

can have their magnetic charge g quantized via eg =
nhc/2, where n can take positive or negative integer
values [150,151]. MM solutions of the classical equa-
tions of motion for spontaneously broken non-Abelian
gauge theories [152,153] lead to a lower bound on the
mass of the monopole: Mym > Mx /G, where My is
the mass of the carrier of the unified interaction and G
is the unified coupling constant. The MMs are there-
fore expected to have large masses. They are expected
to be created during the Big-Bang, and being heavy,
their relative speed with respect to Earth should be of
the same order of magnitude as the speed of the galaxy,
i.e. ~1073c. The MMs that enter the Earth lose their
energy gradually by electromagnetic interactions with
the surrounding medium [154]. If their mass is small,
so will be their kinetic energy and they will be stopped
in the Earth matter. The heavier MMs can however pen-
etrate large distances, and can reach deep inside the
Earth, like in the ICAL cavern.

Monopoles would be accelerated in the magnetic
field of the galaxy, and hence energy would be drained
from the galactic magnetic field. As the rate of this
energy loss should be small over the time-scale of
regeneration of the galactic magnetic field, an upper
bound on the MM flux can be obtained [155]. This
bound on the MM flux, called the Parker limit, is about
1075 em=2 57! sr! for Mym < 107 GeV. For
higher masses, the bound increases linearly. The detec-
tors used for detecting MM are mainly based either on
the principle of induction or excitation/ionization. The
induction method, where the induced magnetic field
is measured using a superconducting quantum inter-
ferometer device (SQUID) [156,157], has yielded the
upper bound on the MM flux to be ~3.8 x 10713
ecm™2 s~! sr~!. The ionization method has been used
in Cherenkov detectors [158,159], as well as in scin-
tillators and gaseous detectors [160—162]. The bounds

from these experiments are much tighter — for example,
the current best bound for 10'° GeV < Mym < 10'°
GeVis~2.8x107 1 ecm=2 s sr~ !, from the MACRO
experiment [161]. MMs have also been looked for in
accelerator-based experiments [163-165].

When MMs pass through the ICAL, the ionization
produced in the RPC detectors can be detected as a
pulse which carries the information that there has been
a hit, and the time of the hit. As the momentum of the
MMs would be large, they will transfer only a small
fraction of it to the detector, and will travel through
the detector in a straight line, almost unaffected. The
large surface area of the ICAL, combined with the large
number of layers the MMs will be able to pass through,
makes the MM detection possible. The track of the MM
in the ICAL and the characteristic sequence of trig-
ger times of consecutive layers of RPCs will help in
identifying the MM against the background. Here we
focus on MMs with masses 10’~10!7 GeV and speeds
1073¢=0.7¢ [16]. (The results are presented in terms of
B = v/c of the particle.) In this parameter space, if
the MM flux is near the Parker limit, a few events per
year may be expected at ICAL. On the other hand, the
non-observation of such events will allow ICAL to put
strong bounds on the incoming MM flux.

7.2.1 Monopole simulation for ICAL. The ICAL
detector response for the monopole events is simulated
using GEANT4, wherein the ICAL detector geome-
try is defined. A rock mass of 2.89 g/cc density and
1.3 km height from the top surface of the detector is
considered in addition to the ICAL itself. Particles are
incident on the surface of the rock, and pass through
it before being detected in ICAL. An isotropic flux of
downward-going MMs is taken into account by smear-
ing it over the zenith angle (cos 8) from O to 7 /2, and
uniformly over the 27 range of the azimuthal angle ¢.
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The stopping power in the rock of the Earth and the
iron of the ICAL are taken care of using [166—168]

dE 471'N§g2 1 Zmecz,Bz)/2 1 5,
_ — = n —_ — = —
dX mec? I, 2 2

K(Igl)}
|

— B(lg]) +

(7.5)

Particles also lose energy in the active region of the
detector which has a gas mixture [R134A (95.15%),
isobutane (4.15%) and SF¢ (0.34%)], and register hits,
whose position and time information is recorded. This
allows the reconstruction of the velocity of the particle.

We use the time-of-flight method for identifying the
MM using ICAL. For relativistic monopoles, the high-
energy muons will constitute the main background. We
avoid this background by focussing on the events with
B < 0.8. In the smaller velocity region, the background
will be due to chance coincidences. This can also be
minimized by choosing only those events which cross a
certain minimum number of layers: if the noise rate per
pick-up strip is R and the speed of the particle is Bc,
the probability of getting random hits in n consecutive
layers in the relevant time window is nR" (nd /Bc)" ",
where d is the distance between two layers. Thus, for
R ~ 200 Hz and g = 0.1, for example, each additional
layer will decrease the probability of chance coinci-
dence by ~1073. We require the particle to cross at
least 10 RPC layers, which will suppress both the high-
B and low- 8 backgrounds to negligible levels. For each
mass and B, we use a sample of 10,000 events to esti-
mate the detector efficiency. The result is shown in the
left panel of figure 7.3. It may be observed that the
efficiency is almost 90% for My > 10'2 GeV and
1073 < B <0.1.
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7.2.2 Reach for limits on the monopole flux. The
event rate expected at ICAL may be estimated by tak-
ing the area A of the top surface as the effective area,
and the solid angle in which the MM will cross the cut
of the minimum number of layers as the effective solid
angle Q. If the MM flux is f and the detector efficiency
is €, the expected number of events Ngx after a running
time 7 of the detector will be

Nex = fem™2 st sTHA(em») Qs T (s)e.  (7.6)

If the total observed number of events Nps 1S not
significantly greater than the expected number of back-
ground events Npg, then an upper bound on the MM
flux may be obtained. In the right panel of figure 7.3,
we present the upper bound that will be obtained at
the 50 kt ICAL in 10 years, in the scenario Nops =
Npg = O for different 8 values. From the figure, it may
be observed that an upper bound of ~2 x 10716 cm~2
s~! st (90% CL) should be possible with an expo-
sure of 500 kt-yr of the ICAL detector. This is fairly
competitive with the current strongest bound coming
from MACRO [161]. Indeed, a direct comparison for
B = 0.1 shows that for My < 10' GeV, the ICAL
reach is clearly better. Monopoles with higher masses
can penetrate through the Earth, and the additional
up-going events accessible to the detector cause the
increase in the sensitivity of MACRO as seen in the
figure. Our analysis presented here is restricted to the
flux from the upper hemisphere, and the upward-going
events at high monopole masses have not been taken
into account. With additional detectors on the walls and
ceiling of the cavern, the sensitivity of ICAL to MMs
can be increased by about a factor of 2 [16].
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Figure 7.3. The left panel shows the efficiency of the detector for MM events, with cuts on the maximum value of 8 and
the minimum number of layers to be traversed by the particle. The right panel indicates the 90% upper bounds on the MM
flux expected from 10 year running of the 50 kt ICAL, if the number of candidate events is zero [16]. The upper bounds
obtained from the MACRO [161] and SLIM [162] have also been shown.
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8. Concluding remarks

This review presents the first systematic study of the
physics capabilities and potential of the ICAL detector.
This includes the response of ICAL to the muons and
hadrons produced in the v, interactions in the detector,
and an understanding of the physics reach of the exper-
iment for the identification of neutrino mass hierarchy
and precision measurements of the atmospheric mixing
parameters.

The ICAL detector geometry, and its elements such
as iron plates, RPCs, the magnetic field, etc. are coded
in the GEANT4 simulation framework. At this stage
the atmospheric neutrino fluxes used are those at the
Kamioka site. However, the fluxes at the INO site will
soon be incorporated. The atmospheric muon neutrino-
induced events are generated using the NUANCE
neutrino generator.

The ICAL detector is sensitive to muons in the GeV
range. The muon momenta are reconstructed using a
Kalman filter algorithm that uses the bending of muons
in the magnetic field. It enables the reconstruction of
muons with an efficiency of more than 80%, and the
measurement of its momentum with a precision of
~20% (10%) at 1 GeV (10 GeV). The muon charge
is identified correctly with an efficiency of more than
98% for E,, > 4 GeV, while the zenith angle of the
muon at the point of production can be reconstructed
to within a degree.

The reconstruction of multi-GeV hadrons is a unique
feature of the ICAL. Using calibration against the num-
ber of hits in the detector, the energy of a hadron
shower can be reconstructed to ~85% (35%) at 1 GeV
(15 GeV). The addition of the hadron energy infor-
mation enhances the reach of ICAL much above that
from the muon information alone. The optimal analy-
sis method to obtain the best sensitivity seems to be the
analysis that uses these three quantities in each event,
without trying to reconstruct the neutrino energy or
direction itself.

The simulation studies have included various sys-
tematic uncertainties from neutrino fluxes and cross-
sections. However, some detector systematics, like the
background contributions from misidentified neutral
current events, have not yet been included in the analy-
ses. The studies show that with 10 years run of the 50 kt
ICAL, the mass hierarchy may be identified with a sig-
nificance of X2 > 9, i.e. more than 30. At the same
time, the values of the atmospheric mixing parameters
|Am§2| (sin® 623) may be determined to a precision of
3% (12%). The identification of the octant of 6,3 with
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the ICAL alone is limited to a 20 significance even for
favourable ranges of the parameter.

Detection of the atmospheric neutrinos with ICAL
is rather insensitive to the value of Scp. This means
that its reach for the mass hierarchy identification does
not depend on the actual value of §cp, unlike the ongo-
ing fixed-baseline experiments. As it provides a dataset
that is free of the ambiguities due to the unknown écp,
the addition of the ICAL data to the long-baseline data
of the ongoing experiments will enhance the §cp reach
of these experiments. This synergy of the ICAL with
other concurrent experiments should be exploited.

Given the multipurpose nature of ICAL, it can also
be used for exploring exotic physics scenarios like CPT
violation, magnetic monopoles, dark matter, etc., and
more such avenues of using the ICAL data are sure
to be found in years to come. The simulation studies
presented in this report make a strong physics case for
the ICAL detector. The codes and algorithms used in
the analyses will be improved and fine-tuned to make
them more realistic and efficient. This is expected to be
a continually ongoing effort.

In parallel with the simulations described in this
Review, efforts have gone on to finalize the design and
structure of the ICAL detector modules, including the
magnet, the RPCs, and their associated electronics. A
prototype 1:8 scale model is planned to be built in
Madurai, India, where most of the design will be vali-
dated. In the meantime, many more exciting and novel
ideas are in the pipeline, and will be presented in future
versions of this report.

The Government of India has recently (Dec. 2014)
given the final approval for the establishment of INO,
giving a big boost to the project. The INO Collabo-
ration currently has more than 20 participating insti-
tutes from India, and welcomes the participation of
high-energy physicists from all over the world.
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Appendix A. Neutrino fluxes at the Kamioka
and INO sites

In this section, we briefly discuss the preliminary
atmospheric neutrino flux calculations corresponding
to the INO site, and compare them with those for
the Kamioka site. This work is based on refs [5] and
[100]. The primary cosmic ray flux model based on
AMS [169] and BESS [170,171] data has been used,
and the hadronic interactions have been implemented
with DPMIJET-III [172] above 32 GeV, and JAM below
32 GeV. For the propagation of cosmic rays in the
atmosphere, the model NRLMSISE-00 [173], which
takes into account the temperatures and densities of the
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Figure A.1. Atmospheric neutrino flux averaged over
all directions and summed over v, + 7V, 4V, 4V, as a
function of neutrino energy for Super-Kamiokande, INO, and
South Pole sites. This is for all the energy ranges of the cal-
culation. The fluxes calculated with US-standard76 are also
plotted in dashed line for the Kamioka and the INO sites.
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atmosphere’s components and takes care of the posi-
tion dependence and the time variation in a year, is
used. The geomagnetic field model used is IGRF2010
[174]. The atmospheric neutrino flux is obtained using
a three-dimensional scheme below 32 GeV, and a one-
dimensional scheme above that. The flux calculated in
both the schemes agree with each other at 32 GeV [5].

Figure A.1 shows the calculated atmospheric neu-
trino flux averaged over one year by folding over
all directions and summing over all types of neutri-
nos (Ve, Ve, vy, V) for the Super-Kamiokande, INO
and South Pole sites. These results, obtained with the
NRLMSISE-00 model, agree well with those obtained
from the US-standard76 [175] model. However, the
fluxes with the NRLMSISE-00, as used here, have an
advantage in the study of seasonal variations, which
can be appreciable at the INO site.
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It is observed that the total flux at INO is slightly
smaller than that at Kamioka at low energies (E <
3 GeV), but the difference becomes small with the
increase in neutrino energy. It may be noted that this
is true only for the angle-integrated fluxes. Figure A.2
shows the zenith angle dependence (integrating over all
azimuthal angles) of fluxes at Kamioka and at the INO
site at two values of energy. It is found that at 1 GeV,
there are large up—down asymmetries in the fluxes at
the INO site; the upward-going flux is larger than the
downard-going one. These asymmetries decrease with
the increase in neutrino energy and almost disappear at
10 GeV.

The results for the atmospheric neutrino fluxes as
functions of the azimuthal angle ¢, in five zenith angle
bins, are shown in figure A.3 for Kamioka and in
figure A.4 for the INO site. These results are presented
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Figure A.2. The zenith angle dependence of atmospheric neutrino flux at £=1.0 GeV (left) and £E=3.2 GeV (right),
averaged over all azimuthal angles calculated for the Super-Kamiokande (top) and the INO (bottom) sites. Here 6 is the
arrival direction of the neutrino, with cosf = 1 for vertically downward-going neutrinos and cos® = —1 for vertically

upward-going neutrinos.
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Figure A.3. The azimuthal angle dependence of atmospheric neutrino flux, averaged over zenith angle bins calculated for

the Super-Kamiokande site for v, at E=3.2 GeV.

for v, Ve, vy, and v, for the (anti)neutrino energy of
3.2 GeV. Itis observed that even for such a high energy,
the variation of the atmospheric neutrino flux has a
complex structure. This is a result of the rigidity cut-
off and muon bending in the geomagnetic field. At the
INO site, the horizontal component of the geomagnetic
field is ~40 uT, larger than that at Kamioka, where it
is ~30 uT, and so the azimuthal angle dependence is
also more complex. This complex azimuthal angle
dependence continues even above 10 GeV for the near
horizontal directions.

The atmospheric electron neutrino flux also shows a
rapid variation in the azimuth angles, but the statistical
errors in the simulations of production of atmospheric
neutrinos are still large, and more statistics is needed
for a better understanding. As the INO site is close to
the equator, the seasonal variation is also expected, the

calculation for which is also in progress. These updates
are expected to be reported after the accumulation of
sufficient statistics.

Detailed physics re-analyses with the fluxes at the
INO site need to be carried out in order to determine
the final physics potential of ICAL. However, the effect
of the change of flux may be estimated by compar-
ing the number of events calculated using the fluxes
at Kamioka and at the INO site. The comparison of
the number of 1~ and ™ events at these two sites, as
a function of the muon energy, is shown in figure A.5.
For the sake of this sample comparison, we have con-
sidered charged-current muon events in the energy
range 1-11 GeV, with no oscillations, 100% efficiency
for detection and charge identification of muons and
extremely accurate energy measurement.

The total number of muon events will be less with
the fluxes at the INO site. As a result, the performance
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Figure A.4. The azimuthal angle dependence of atmospheric neutrino flux, averaged over zenith angle bins calculated for
the INO site for v, at E=3.2 GeV.
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efficiency for detection and charge identification of muons and extremely accurate energy measurement.
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may be expected to be slightly worse than that calcu-
lated from the Kamioka fluxes. The extent to which
the performance will be affected will depend on the
quantity of interest, though. For example, the accuracy
in the measurement of sin” 2653 typically is controlled
by the total number of events. As the total number of
events with the fluxes at the INO site are about 14%
smaller, we expect to take about 14% additional expo-
sure to obtain the same level of accuracy as described
in this review. On the other hand, as has been pointed
out in figure 5 of [14], the hierarchy sensitivity comes
mainly from the events with muon energy greater than
4 GeV. As figure A.5 indicates, the numbers of such
muon events calculated using the two fluxes are nearly
the same within statistical uncertainties. The results for
the mass hierarchy determination are thus expected to
be unaffected.

Appendix B. Neutrino oscillation probabilities
in matter

Neutrino oscillation probabilities in matter are

obtained by solving the propagation equation, which

may be written in the flavour basis as

idlva ()
dx

where vy (X)) = (ve(x), vy (x), vr (x)T. H is the effec-

tive Hamiltonian, given as

= Hlvy(x)), (B.1)

_ 1 g 2 A2yt
H = °E U diag(0, Ams,, Am3)U

T diag(V (x), 0, 0). (B.2)

Here E is the energy of the neutrino and Amizj
ml2 — m? is the mass-squared difference between the
neutrino mass eigenstates. The PMNS mixing matrix
U relates the neutrino flavour eigenstates and mass
eigenstates. V(x) is the matter potential arising due
to the charged-current interaction of v, with electrons
and is given in terms of the electron density n, by
V(x) = v/2G gn,(x). For antineutrinos, U — U* and
V — —V. In general, for an arbitrary density profile
one needs to solve the above equation numerically
to obtain the probabilities. However, simplified ana-
lytic expressions can be obtained by assuming constant
matter density. In such cases, one can diagonalize the

above Hamiltonian to obtain

1 .
H=_-U" diag((m™)2, (m™?2, (m™> U™, (B.3)

where m" and U™ denote the mass eigenvalues and
mixing matrix in matter respectively. For a neutrino
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travelling a distance L, the flavour conversion proba-
bility in matter of constant density has an analogous
expression as in the case of vacuum (see eq. (1.2)), and
can be expressed as

Pop(L) =85 —4 Y Re(UnUR U UgY) sin® AT
Jj>i
+2) ImUB UL UL UR) sinQAD),
j>i

(B.4)

where the quantity Alr.‘} in the presence of matter is
defined as

127 (Am;@)m(eVZ) L(km)
i E(GeV) ’

with (Am7)™ = (m"?* — (m7)* the difference
between the squares of the mass eigenvalues m" and
m"™ in matter.

To obtain tractable expressions, further assumptions
need to be made. Many approximate analytic expres-
sions for probabilities exist in the literature. However,
different assumptions that lead to different approx-
imate forms have different regimes for validity. To
understand the results presented in this review, the
probability expressions obtained under the following
two approximations are mostly relevant:

e the one mass scale dominance (OMSD) approxi-
mation which assumes Am%l =0,

e the double expansion in terms of small parameters
o = Am3,/Am3, and sin6;3 [176,177].

The condition on the neutrino energy and baseline for
the validity of both approximations can be expressed
as Am%1 L/E <« 1. This translates to L/E < 10*
km/GeV for typical values of the solar mass-squared
difference Am%l, and hence to L < 10* km for neutri-
nos of energy O(GeV). Thus, these approximations are
valid for most of the energy and path length ranges con-
sidered here. The OMSD approximation is exact in 613
and works better near the resonance region. Below we
give the probabilities relevant for the study presented
in this Review in both OMSD and double expansion
approximations, and discuss in which L and E regimes
these are appropriate. Note that we give the expres-
sions only for neutrino propagation through a constant
matter density. This approximation is not applicable for
neutrinos passing through the Earth’s core. However,
it is enough for an analytic understanding of our argu-
ments. All our numerical calculations take the variation
of Earth’s density into account through the preliminary
reference Earth model (PREM).
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Appendix B.1: One mass scale dominance
approximation

In this approximation, the Hamiltonian in eq. (B.2) can
be exactly diagonalized analytically. Below we give the
expressions for the muon neutrino survival probability
P(v, — v,) = Py, and conversion probability of
electron neutrinos to muon neutrinos P (v, — v,) =
Pe;,, which are relevant for the atmospheric neutri-
nos at ICAL because the detector is sensitive to muon
flavour. In the OMSD approximation, these can be
expressed as

Py = 1 —cos® 0] sin 2603
x sin? [1.27(Am3, + A + (Am3)™L/2E]
— sin? 015 sin 203
x sin? [1.27(Am3, + A — (Am3)™L/2E]

—sin* 63 sin? 2073 sin® [1.27Am3, L/E],
(B.5)

and

P, = sin® 63 sin> 20} sin” [1.27(Am3,)™L/E].
(B.6)

In the above expressions, (Am%l)m and sin 20{5, the
mass-squared difference and mixing angle in matter,
respectively, are given by

(Am3)™ = \/ (Am3, cos2013— A)2+(Am3, sin26;3)2,

2
Am31

— 3 (B.7)
(Am3)m

sin 26;3 = sin 26,3

where

A(eV?) = 2EV =2v2Gpn,E
= 0.76 x 10™* p(g/cc) E(GeV).

When A = Am%1 cos 2013, we see a resonance. The
resonance energy is given by

B Am%1 cos 2013

Epes = —————. (B.8)
T 2V2Gkn,

In table B.1, we give the average resonance energies

for neutrinos travelling a given distance L through the

Earth, for baselines ranging from 1000 to 10,000 km.
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Table B.1. Values of E. at various baselines using the
line-averaged PREM [178] density p.ve. We have used
Am3, = 2.5 x 1073 eV? and sin® 263 = 0.1.

L (km) Pavg (g/cc) Eres (GeV)
1000 3.00 9.9
3000 3.32 94
5000 3.59 8.7
7000 4.15 7.5

10000 4.76 6.6

It is seen from the table that the resonance energy
is in the range 6-10 GeV for path lengths in the
range 1000-10,000 km. These ranges are relevant for
atmospheric neutrinos passing through Earth and hence
provide an excellent avenue to probe resonant Earth
matter effects. The importance of this can be under-
stood by noting that the resonance condition depends
on the sign of Am%l. For Am%l > ( there is a matter
enhancement in 65 for neutrinos, and a matter suppres-
sion in 6{% for antineutrinos (as A——A). The situation
is reversed for Am%1 <0. Thus, matter effects can dif-
ferentiate between the two hierarchies and detectors
with charge sensitivity (like ICAL) are very suitable for
probing this.

For atmospheric neutrinos in ICAL, the most rele-
vant probability is P,,. The significance of the P,
channel is less than that of P, for two reasons: the
number of electron neutrinos produced in the atmo-
sphere is smaller, and more importantly, the probability
of their conversion to muon neutrinos is also usually
smaller than P, so that their contribution to the total
number of events in ICAL is small. It is not com-
pletely negligible though, because the value of 013 is
moderately large.

Note that P,, does not attain its maximum value at
E = E even though sin 201“:}) achieves its maximum
value of unity at this energy, because the mass-squared
difference (Am%l)m hits a minimum [179]. The val-
ues of (Am%l)m sin 203 and P, remain small for path
lengths of L < 1000 km. If L is chosen suitably large
S0 as to satisty (1.27Am§1 sin26013L/E) > m /4, then
P, can reach values >0.25 for sin? 20>3 = 1. One
needs L 2> 6000 km to satisfy the above condition.
For such baselines and in the energy range 6-8 GeV,
the resonant Earth matter effects lead to P, in matter
being significantly greater than its vacuum value [180].
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The muon neutrino survival probability is a more
complicated function and can show both fall and rise
above the vacuum value for longer baselines (~10,000
km). Thus, the energy and angular smearing effects
are more for P,,. The maximum hierarchy sensitiv-
ity is achieved in this channel when resonance occurs
close to a vacuum peak or dip, thus maximizing the
matter effects because when there is resonant mat-
ter effect for one hierarchy, the probability for the
other hierarchy closely follows the vacuum value.
Figure B.1 shows oscillograms for muon neutrino and
antineutrino survival probabilities in the case of normal
hierarchy, in the plane of neutrino energy and cosine of
the zenith angle 0,. The plot in the left panel shows
the resonant effect in the muon neutrino probabilities
in the region between cos#, between —0.6 to —0.8
and energy in the range 6—8 GeV. This feature is not
present in the right panel because for the normal hier-
archy, the muon antineutrinos do not encounter any
resonance effect. The plot also shows the enhanced
oscillation features due to the effects of the Earth’s
core (cos 6, between —0.8 and —1.0) for neutrinos. For
the inverted hierarchy, the muon antineutrino survival
probability will show resonance effects, whereas the
neutrino probabilities will not. The ICAL detector
being charge sensitive can differentiate between neu-
trino and antineutrino effects and hence between the
two hierarchies.

Equations (B.5) and (B.6) can also help us under-
stand the octant sensitivity of atmospheric neutrinos ari-
sing due to resonant matter effects. The leading-order
term in P, in vacuum depends on sin? 0y3 sin? 203.
Although this term is sensitive to the octant of 63,
the uncertainty in the value of 63 may give rise
to octant degeneracies. In matter, the sin’ 2015 term
gets amplified near resonance, and the combination
sin? 63 sin? 2073 breaks the degeneracy of the octant

-0.6
cosO,,

Page 650f 72 79

with 613. Also, the strong octant-sensitive nature of the
term sin® 63 sin? 291“; near resonance can overcome

the degeneracy due to the sin® 26,3-dependent terms.
Unfortunately, the muon events in ICAL get contri-
bution from both P, channel and P, channel, and
the matter effect in these two channels act in oppo-
site directions for most of the baselines. This causes
a worsening in the octant sensitivity of muon events at
atmospheric neutrino experiments.

The OMSD probabilities are in the limit Am%1 =
0 and have no dependence on the CP phase. These
expressions match well with the numerical probabili-
ties obtained by solving the propagation equation in
the resonance region, i.e. for the baseline range 6000—
10,000 km. Accelerator-based experiments like T2K and
NOVA have shorter baselines and lower matter effects,
and lie far from resonance. For these experiments, the
dominant terms in P, are insensitive to the hierarchy
and octant. Consequently, the relative change in proba-
bility due to the hierarchy/octant-sensitive subdominant
terms is small. Therefore, the P, oscillation channel
does not contribute much to the hierarchy and octant
sensitivity of T2K and NOvA. However, these experi-
ments get their sensitivity primarily from the v, — v,
conversion probability. For this case, the double expan-
sion up to second order in o and sin 813 works better.

Appendix B.2: Double expansion in o and sin 613

In accelerator experiments, high-energy pions or kaons
decay to give muons and muon neutrinos/antineutrinos.
One can study the muon neutrino conversion proba-
bility P(v, — v.) = P, in these with a detector
sensitive to electron flavour. In order to study the effect
due to Am%1 and the CP phase §cp it is convenient to
write down the probabilities as an expansion in terms
of the two small parameters, o = Am%l/ Am%1 and

0.6 -0.
cos0,

Figure B.1. The oscillograms for the muon neutrino (left panel) and antineutrino (right panel) survival probabilities during
their passage through Earth in E—cos 6, plane. The oscillation parameters used are 6,3 = 45°, §cp = 0, Am%l = 42.45 x

10~3 V2 (NH) and sin” 26;3 = 0.1.
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sin 613, to second order (i.e. terms up to a2, sin? 013 and
o sin 03 are kept) [176,177].

sin? [(1 — A)A]

(1— A)?
+ « sin 26013 sin 2017 sin 203 cos(A + Scp)

sin(AA) sin[(1 — A)A]
X < ~
A (1—A)

sin2(AA)

A2

P;Le = Sil’l2 2913 SiIl2 923

+ o sin? 012 cos’ 63

2

+ 03, o?s13, as%, sf3). (B.9)

The notations used in writing the probability expres-
sions are: A = Am%lL/4E, sij(cij) = sin6;;(cos 0;)),
A= ZﬁGpngE/Amgl. For neutrinos, the signs of A
and A are positive (negative) for NH (IH). The sign of
A as well as dcp reverse for antineutrinos. This prob-
ability is sensitive to all the three current unknowns
in neutrino physics — hierarchy, octant of 6,3 as well
as 6cp — and is often hailed as the golden chan-
nel. However, the dependences are interrelated and
extraction of each of these unknowns depends on
the knowledge of the others. Specially, the complete
lack of knowledge of §cp gives rise to the hierarchy-
dcp degeneracy as well as the octant-6cp degener-
acy in these experiments, through the second term in
eq. (B.9).

The above expressions reduce to the vacuum expres-
sions for shorter baselines for which A — 0. For
such cases there is no hierarchy sensitivity. The hierar-
chy sensitivity increases with increasing baseline and
is maximum in the resonance region. The resonance
energy at shorter baselines is >10 GeV and there-
fore these experiments cannot probe resonant Earth
matter effects.

Appendix B.3: Probability for reactor neutrinos

A crucial input in the analysis presented in this Review
is the value of 613, measured by the reactor neutrino
experiments. The probability relevant for reactor neu-
trinos is the survival probability for electron antineutri-
nos P(v, — v,) = Ps. Since reactor neutrinos have
very low energy (order of MeV) and they travel very
short distances (order of km), they experience negligi-
ble matter effects. The exact formula for the survival
probability in vacuum is given by [180,181]

P@ =1- 6?3 Sin2 2912 sin2 A21 — Sin2 2913 Sin2 A31

+ sin? 2913s122[sin2 A3l — sin? A3n].
(B.10)
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As this is independent of écp and matter effects, the
probability is the same for neutrinos and antineu-
trinos (assuming CPT conservation, i.e. the same
mass and mixing parameters describing neutrinos and
antineutrinos).

Appendix C. The Vavilov distribution function

The Vavilov probability distribution function is found
to be suitable to represent the hit distributions of
hadrons of a given energy in the ICAL, as has been
observed from figure 4.8. The Vavilov probability den-
sity function in the standard form is defined by [182]

c+ioo
Pxik, ) = —— / ¢ (s)e™ds, (C.1)
270 Je—ico
where
d(s) =eCe?D C =k +B%) (C.2)
and
1 1— e—st//c
VU(s) = slnk + (s + B%k) - [/ fdt —yi|
0
_Kefs/’(’ (C3)

where y = 0.577. .. is the Euler’s constant.
The parameters mean and variance (o 2) of the distri-
bution in eq. (C.1) are given by

_ '32
2k
For « < 0.05, the Vavilov distribution may be approx-
imated by the Landau distribution, while for « > 10, it
may be approximated by the Gaussian approximation,
with the corresponding mean and variance.

We have used the Vavilov distribution function
P(x; k, B%) defined above, which is also built into
ROOQOT, as the basic distribution for the fit. However,
the hadron hit distribution itself is fitted to the modi-
fied distribution (Ps/P3) P((x — P2)/P3; Py, Pjp), to
account for the x-scaling (P3), normalization P4 and
the shift of the peak to a non-zero value, P,. Clearly,
Py =« and P| = ,32. The modified mean and variance
are then

Mean =y — 1 —ln/c—,BZ; o2 = (C4)

Meanvayiloy = (y — 1 —In Py — P1) P3 + P2,

., Q-P)

2
OVavilov = 2P, P3 . (C.5)
These are the quantities used while presenting the

energy response of hadrons in the ICAL detector.
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Appendix D. Hadron energy resolution as a function
of plate thickness

A potentially crucial factor in the determination of
hadron energy and direction is the thickness of
absorber material, namely iron plate thickness in
ICAL. In all the simulation studies reported here, we
have assumed that the thickness of the iron plate is
5.6 cm, which is the default value. While not much
variation in this thickness is possible due to constraints
imposed by total mass, physical size, location of the
support structure, and other parameters like the cost
factor etc., we look at possible variation of this thick-
ness in view of optimizing the hadron energy resolution
[10]. The hadron energy resolution is a crucial limiting
factor in reconstructing the neutrino energy in atmo-
spheric neutrino interactions in the ICAL detector. This
information is also helpful because ICAL is modular
in form and future modules may come in for further
improvements using such analyses.

1200 r
- — 1.5 cm
1000 — — 2.5 cm
C — 4.0 cm
> 800~ — 5.0 cm
‘:’ L
g - — 5.6 cm
g 600 n — 8.0 cm
=
400
200
0 A B, R e | IR .
0 10 20 30 40 50 60 70 80
Number of hits

Figure D.1. Hit distribution of 5 GeV pions propagated
through sample iron plate thicknesses [10].
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Naively, this can be achieved by simply changing the
angle of propagation of the particle in the simulation,
because the effective thickness is (f/ cos 6). In the case
of muons this itself may be sufficient to study the effect
of plate thickness. However, in an actual detector, the
detector geometry — including support structure, orien-
tation as well as the arrangement of detector elements
— imposes additional non-trivial dependence on thick-
ness. Therefore, we study hadron energy resolution
with the present arrangement of ICAL by varying the
plate thickness, while other parameters are fixed. The
analysis was done by propagating pions in the simu-
lated ICAL detector at various fixed energies, averaged
over all directions in each case.

The hit distribution patterns for 5 GeV pions propa-
gated through sample plate thicknesses in the central
region are shown in figure D.1. The methodology
is already discussed in §4 and we shall not repeat
it here. For comparing the resolutions with different
thicknesses we use the mean and rms width (o) of the
hit distributions as functions of energy.

The hadron energy resolution is parametrized as

(0)2_a2+b2
E/ E ’

where a is the stochastic coefficient and b is a constant,
both of which depend on the thickness. We divide the
relevant energy range 2—15 GeV into two subranges,
below 5 GeV and above 5 GeV. Below 5 GeV, the
quasielastic, resonance and deep inelastic processes
contribute to the production of hadrons in neutrino
interactions in comparable proportions, while above
5 GeV the hadron production is dominated by the deep
inelastic scattering. The results for the energy reso-
lution as a function of plate thickness are shown in
figure D.2. Note that here, we show the square of the
resolution instead of the resolution itself.

(D.1)

PR TSI NI R R SR
0.06 0.08 0.1 0.12

P I IR TSI B N R N}
0.14 0.16 0.18 0.2

1/(E(GeV))

Figure D.2. Plots of (¢ /mean)? as a function of 1/E. The data as well as fits to eq. (D.1) are shown in the energy range
2-4.75 GeV (left) and 5-15 GeV (right). The thickness is varied from 2.5 to 8 cm [10].
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The stochastic coefficient a as a function of thickness
is obtained from a fit to the hadron energy resolu-
tion, and is shown in figure D.3 as a function of plate
thickness for the two energy ranges as in figure D.2.

The analysis in the two energy ranges shows that
the thickness dependence is stronger than /t which
is observed in hadron calorimeters at high energies
(tens of GeV) [183]. In fact, at the energies of rele-
vance to us, the thickness dependence is not uniform
but dependent on the energy. This is borne out by
two independent analyses: in the first one we obtain
the thickness dependence of the stochastic coefficient
a and in the second analysis we directly parametrize
the energy resolution as a function of thickness at
each energy. Typically, instead of %3, we find the
power varying from about 0.65 to 0.98 depending on
the energy.

Finally, we compare the ICAL simulations with
varying thicknesses with MONOLITH and MINOS
and their test beam runs. This is a useful comparison
because test beam runs with ICAL prototype have not
been done till now. The data from the above detectors
can however be used for the validation of the ICAL
simulations results.

The test beam results for the Baby MONOLITH
(BM) detector at CERN with 5 cm thick iron plates
[184,185] have been obtained when the beam energy is
in the range 2-10 GeV. In order to provide a compar-
ison, we have simulated the ICAL detector response
with 5 cm iron plates, for single pions of 2-10 GeV
energy incident normally on the detector at a fixed
vertex. Also, in order to be consistent with the BM

E e 2-4.75GeV
095§ 5.150Gev
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~ 09
= =
= =
=] F
S 0851
£ =
2 .sF »/ndf  08/8
] b
o = po 0.035+ 0.026
2 F
=] E pl 113+ 0.32
g 075 2 0.60 + 0.04
= r P .60 + 0.
S =
= 2
S 07f 2/ndf  1.4/7
7 o po 0.08 + 0.06
0.65C pl 0.73 £ 0.29
o p2 0.60  0.08
0.6l el b L

2 3 4 5 6 7 8
Plate thickness (t(cm))

Figure D.3. The stochastic coefficient @ obtained from the
fit to eq. (D.1) is shown in the two energy ranges as a
function of plate thickness [10].
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parametrization, the energy resolution og / E is fitted to
the function A/ JVE + B. A comparison of the ICAL-
simulated results with the BM beam results, along with
the respective fits, is shown in figure D.4.

For BM, an energy resolution of og/E = 68%/
VE + 2% was reported [184]. However, no errors
on the parameters A and B were specified. Our fit
to the same BM data gives Agpy = (66 &= 5)% and
Bem = (1 £ 2)%, which also gives an estimation of
errors on these parameters. The fit for the ICAL resolu-
tion gives the parameter values Ajcar, = (6442)% and
BicaL = (2 £ 1)%. The consistency of our simulated
results with the beam results of BM testifies to the
correctness of our approach.

In the test beam run of MINOS with aluminium
proportional tube (APT) active detectors and 1.5 inch
(4 cm) steel plates, a hadron energy resolution of
71%/vE + 6% was reported in the range 2.5-30
GeV [186]. ICAL simulation with 4 cm iron plates in
the same energy range gave 61%/+E + 14%. The
results are compatible within errors, because the two
detector geometries are very different.

Obviously the final choice of the plate thickness
depends not only on the behaviour of hadrons but also
on the energy range of interest to the physics goals of
the experiment. There are also issues of cost, sensitiv-
ity to muons and even possibly electrons. The thickness
dependence study summarized here provides one such
input to the final design.

0.55
E o/Mean vs 1/ | E(GeV) fitted with (A/\(E)+B; 2-10 GeV
0.5 ; ® ICAL, Scm, fixed vertex
C ® Baby Monolith with Sem
0.45—
0.4
g E + 2 / ndf 7
g 0350 ! x>/ n 3.85/
© F A 0.638 =+ 0.022
0.3 2 B 0.025 + 0.01
0.25 2 /Indf  63/3
0.2" A 0.664 +0.053
C B 0.009 +0.022
OOIST\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\
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Figure D.4. The energy response of ICAL detector with
5 cm thick iron plates with single pions in the energy range
2-10 GeV, propagated from a fixed vertex in the vertical
direction [10] compared with the data from MONOLITH
test beam run [184,185].
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