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Abstract. A magnetized Iron CALorimeter (ICAL) detector at the India-based neutrino observa-
tory (INO) is used to study neutrino oscillation sensitivity using atmospheric muon neutrino source.
The ICAL detector will be able to detect muon tracks and hadron showers produced by neutrino
interactions with the iron target. We have performed precision measurement analysis for the atmo-
spheric neutrino oscillation parameters with the muon neutrino events, generated by Monte Carlo
NUANCE event generator. A marginalized x? analysis based on reconstructed neutrino energy
and muon zenith angle binning scheme has been performed to determine the sensitivity for the
atmospheric neutrino mixing parameters, sin® 623 and |Am%3|.
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1. Introduction

Neutrino oscillation is now a well-established fact and is a direct indication for physics
beyond the Standard Model. Recent discovery of the relatively large value of the third
neutrino mixing angle 6,3 from various experiments has heralded a new era in neutrino
physics. But, various unsolved mysteries related to neutrinos such as, actual mass of neu-
trinos, measurement of Dirac §cp phase, measurement of neutrino mass hierarchy, etc. are
still there. A large number of neutrino experiments are in operation or proposed, to resolve
these mysteries. In the same stream, India-based neutrino observatory (INO) [1] experi-
ment has been proposed, to be built in India with a large magnetized Iron CALorimeter
(ICAL) detector. In this paper, we show the precision measurement analysis for the ICAL
detector using atmospheric muon neutrino (antineutrinos) oscillation events, generated by
Monte Carlo NUANCE [2] event generator. The analysis has been performed for a 10-
year exposure of the ICAL detector. Various resolutions and efficiencies obtained by the
INO Collaboration are implemented to reconstruct neutrino energy and muon direction.
A marginalized x? analysis based on neutrino energy and muon zenith angle binning
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scheme has been performed to determine the sensitivity for the atmospheric neutrino
mixing parameters, sin’ 6»3 and |Am§2|.

2. The ICAL detector

The India-based neutrino observatory (INO) has planned to set up an underground lab-
oratory in India to study atmospheric neutrinos. INO will host a 50 kt magnetized iron
calorimeter (ICAL) detector which consists of three modules, each of dimension 16 m
x 16 m x 14.5 m. The detector consists of a stack of 151 horizontal layers of 5.6 cm
thick iron slab interleaved within 4 cm gap for the active detector element. Glass
resistive plate chambers (RPCs) of 2 m x 2 m dimension will be used as an active part
of the detector. Atmospheric neutrino interaction with the iron target produces muons
along with shower of hadrons through a charge—current interaction process. ICAL detec-
tor will be able to detect muons using their long tracks and hadron shower hits produced
by neutrino events. ICAL will have the unique capability to detect the charge of the pro-
duced muon through its magnetic field which is around 1.5 T and hence can determine the
charge of neutrinos. As neutrinos and antineutrinos interact differently with matter, the
atmospheric neutrinos with large coverage of flight distance can reveal the mass hierarchy
problem while passing through Earth. Thus, ICAL with atmospheric neutrino source has
the potential to solve the unknown correct mass spectrum of neutrinos.

3. Analysis

3.1 Event generation and oscillation effect

The atmospheric neutrino events are generated with the available three-dimensional
neutrino flux provided by Honda et al [3] using ICAL detector specifications. The atmo-
spheric muon—neutrino (antineutrinos) interactions are simulated for 1000 yr exposure of
50 kt ICAL detector and then normalized to 10 yr exposure to keep Monte Carlo fluctua-
tions under control. Only charge—current (CC) interactions are considered for the present
analysis. At first, each event is generated in the absence of oscillations and then the
effects of oscillations are included using the re-weighting algorithm similar to the method
described in the earlier ICAL analyses [4,5]. The current best-fit values and errors in the
oscillation parameters used for analysis are shown in table 1. For each neutrino event of

Table 1. Oscillation parameters used for the analysis.

Oscillation parameters True values Marginalization range
sin®(2012) 0.86 Fixed

sin2(923) 0.5 0.4-0.6 (30 range)
sin(013) 0.03 0.02-0.04 (30 range )
Am3; (eV?) 7.6 x107 Fixed

Am3, (eV?) 2.4 x1073 (2.1-2.6) x1073 (30 range)
Scp 0.0 Fixed
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a given energy E, and zenith direction 6,, oscillation probabilities are estimated in the
framework of three-flavour mixing taking matter effects into account.

3.2 ICAL detector resolutions and the neutrino energy reconstruction

Reconstruction of the neutrino energy requires the measurement of muon as well as
hadron energy. Once we have the reconstructed muon and hadron energies, we directly
add them together to get the final reconstructed neutrino energy. Muon and hadron energy
resolutions have been obtained by the INO Collaboration as a function of true energy
Ee and direction cos 6y Of the particle using a GEANT4-based code. Muons give
clear track of hits inside the magnetized detector. Therefore, the energy of muons can
be reconstructed easily using a track fitting algorithm. It was observed that the energy of
muons reconstructed by ICAL detector follows Gaussian distribution for £, > 1 GeV,
whereas it follows Landau distribution function for E,, < 1 GeV [6]. Hadrons deposited
their energies in a shower-like pattern. The total energy deposited by the hadron shower
(E{,y = E, — E,) has been used to calibrate the detector response. It has been found
that hadron hit patterns follow Vavilov distribution and the hadron energy resolution is
then shown as a function of E} ;. The details of INO resolution analysis can be found
in [7,8]. In the present analysis, muon energy and angular resolutions are implemented
by smearing true muon energy and direction of each u* and u~ event using the ICAL
muon resolution functions. Energies of hadron events are smeared using ICAL hadron
resolution functions. Reconstructed neutrino energy is then taken as the sum of recon-
structed muon and hadron energy. We have also taken care of the muon’s reconstruction
and charge identification efficiencies provided by INO Collaboration in the present work.

3.3 x? analysis

The oscillation parameters determining the atmospheric neutrinos are extracted by x?2
analysis. The re-weighted events with detector resolutions and efficiencies folded in, are
binned into reconstructed neutrino energy and muon direction for the estimation of x?.
The data have been divided into ten equal neutrino energy bins in the range of 0.8-10.8
GeV with 1 GeV bin width. Twenty cos 6, direction bins in the range of —1 to 1, with
equal bin width have been chosen. The above-mentioned binning scheme is applied for
both v, and v, events. Here, we use the concept of maximal mixing i.e., sin? 63 = 0.5.
The atmospheric mass square splittings are related to other oscillation parameters. So, for
precision study we have defined it as Amgff, which can be written as follows:

Amgff = Amgz — (cos2 612 — cos cp sin B3, sin 261, tan 623)Am§1. (1)

The other oscillation parameters (65, Am%l and §cp) are kept fixed for both the observed
and predicted events as the marginalization over these parameters has negligible effects
on the analysis results. In the present analysis, we have implemented five systematic
uncertainties, 20% error on atmospheric neutrino flux normalization; 10% error on neu-
trino cross-section; an overall 5% statistical error; a 5% uncertainty due to zenith angle
dependence of the fluxes and an energy-dependent tilt error as applied in earlier [CAL
analyses [4,5]. All these systematic uncertainties are applied using the method of ‘pulls’
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as outlined in ref. [9]. In the analysis framework, due to the fine binning, some bins have
very small number of entries. Therefore, we have used the Poissonian definition of x>
given as

X (VM) = mmz (2(Nth M) Nex (VM)) +2Nex (vﬂ) ( lj( /L)))

¥ N (v,)
+y 4 )
k

where

NE () = N (v) <1 + Zn};g) . 3)
k

In eq. (2), N7 are the observed number of reconstructed u™ events generated using true
values of oscillation parameters listed in table 1 in i neutrino energy bin and j™ cos 0,
bin. In eq. (3), Nl.‘;‘ are the number of theoretically predicted events generated by varying
oscillation parameters NI‘Jh shows the modified events spectrum due to different system-
atrc uncertainties, 71 is the systematic shift in the events of i neutrino energy bin and

j® cos 6, bin due to k‘h systematic error. ¢ is the univariate pull variable corresponding
to the nl.kj uncertainty. Similar expression for x?(v,) can be obtained using the recon-

structed 1 event samples. We have calculated Xz(vu) and xz(f)ﬂ) separately and then
these two are added to get total x2; as

X = X (0) 4+ x> (D). 4)

As the value of 63 is now known to several Gaussian standard deviations (o), we use a
10% deviation from the true value of sin® 6,5 as a prior to marginalize over sin” 63 as

®)

Oin2 013

-2 -2 2
) ) sin” 03 (true) — sin” O3
Xino = Xtotal +

Finally, we minimize the Xmo function by varying oscillation parameters within their
allowed ranges over all systematic uncertainties.

4. Results

We have derived the measurement contours of the atmospheric oscillation parameters in
3-flavour mixing using Earth matter effect. The two-dimensional confidence region of
the oscillation parameters (| AmZy|, sin” 63) is determined from Ay2, around the best
fit. The resultant region is shown in ﬁgure 1. We have obtained these contour plots by
assuming A Xtoml Xmm + m, where Xm , 18 the minimum value of Xtmal for each set of
oscillation parameters and values of m are taken as 2.30, 4.61 and 9.21 corresponding to
68, 90 and 99% confidence levels respectively. Figure 2 depicts the one-dimensional plot
for the measurement of test parameter sin’ 6,3 (figure 2b) at fixed |Am§ﬂ~| =24x1073
(eV?) and for |Amgff| at fixed sin’ 63 = 0.5 (figure 2a).
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Figure 1. Contour plot for 68, 90 and 99% confidence level for 10-year exposure of
the ICAL detector.

—— With systematics

1A m?,| sensitivity —— With sy stematics 6, sensitivity
—— Without systematics

20
10° 1 L

18
18|
14
12
= 10
8
6
4
2
c i 1 il 1 1 1 L L x
2 21 22 23 24 25 26 27 28 29 0.2 a3 04 0.5 0.6 07

(a) I8 il (eV?) (b) sin(8,)

—— Without systematics

n

PR

Ay

L= -

Figure 2. Ax? as a function of test values of |Am§ff| (a) and Ax? as a function of
test values of sin? 63 (b).

The precision on the oscillation parameters can be defined as

me_Pmin
_max - mn (6)

Precision = )
P, max + P, min

where Pnax and Py, are the maximum and minimum values of the concerned oscillation
parameters at the given confidence level. The current study shows that ICAL is capable
of measuring the atmospheric mixing angle sin” 63 with a precision of 16, 21 and 28%
at 68, 90 and 99% confidence levels respectively. The atmospheric mass square splitting
|Am§ff| can be measured with a precision of 3.75, 6 and 9% at 68, 90 and 99% confidence
levels respectively.

5. Conclusions

We have studied the capability of the ICAL detector for the precise measurement
of atmospheric neutrino oscillation parameters using neutrino energy and muon angle
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observables. A Monte Carlo simulation using NUANCE-generated neutrino data for 10-
year exposure of ICAL detector has been carried out. Finally, a marginalized x? analysis
was carried out in bins of neutrino energy and muon angle using realistic detector reso-
lutions for measuring sin” 63 and |Am?;|. On comparing these results with the results
shown in [4], we find that there is an improvement of 6% and 16% on the precision
measurement of sin® 63 and IAmgffI parameters respectively using neutrino energy and
muon angle observables over muon energy and muon angle analysis [4]. Results presented
here can be further improved using improved resolutions of ICAL and with fine energy
and direction binning. Moreover, this study shows that the ICAL experiment has the
capability of using hadron information to further improve the measurement of oscillation
parameters.
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