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ABSTRACT: The proposed ICAL experiment at INO aims to identify the neutrino mass
hierarchy from observations of atmospheric neutrinos, and help improve the precision on
the atmospheric neutrino mixing parameters. While the design of ICAL is primarily op-
timized to measure muon momentum, it is also capable of measuring the hadron energy
in each event. Although the hadron energy is measured with relatively lower resolution, it
nevertheless contains crucial information on the event, which may be extracted when taken
concomitant with the muon data. We demonstrate that by adding the hadron energy infor-
mation to the muon energy and muon direction in each event, the sensitivity of ICAL to the
neutrino parameters can be improved significantly. Using the realistic detector response
for ICAL, we present its enhanced reach for determining the neutrino mass hierarchy, the
atmospheric mass squared difference and the mixing angle 693, including its octant. In
particular, we show that the analysis that uses hadron energy information can distinguish
the normal and inverted mass hierarchies with Ax? ~ 9 with 10 years exposure at the 50
kt ICAL, which corresponds to about 40% improvement over the muon-only analysis.
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1 Introduction and motivation

After the recent discovery of a nonzero mixing angle 613 at reactor 7, disappearance exper-
iments [1-5] and accelerator v, /7, appearance experiments [6-8], the two major remaining
unknown issues in neutrino oscillations are (i) whether the neutrino mass hierarchy (MH)
is normal (NH) or inverted (IH), i.e. whether Am3, = m3 — m3 is positive or negative,
respectively, and (ii) the possible presence of CP violation [9, 10]. Here mg corresponds to
the neutrino mass eigenstate with the smallest electron component. The moderately large
value of 013 enables us to probe the sub-leading three-flavor effects in current and future
neutrino oscillation experiments in order to address these unknowns [11, 12]. In partic-
ular, the mass hierarchy, which is a very potent discriminator among models of neutrino
mass generation [13] can be probed through the measurement of matter effects [14-18] on
neutrinos as they pass through the Earth over long distances. The matter effects induce
characteristic differences in the neutrino and antineutrino signals [19, 20], which is the key
to unravel the neutrino MH.

The race for the neutrino MH has received a tremendous boost after the discovery of
a moderately large value of #13. Looking at the current and future neutrino roadmap, a
resolution of this issue certainly seems possible in coming ten years or so [21]. Several ex-
perimental strategies have been adopted or proposed to determine the type of the neutrino
MH. Current generation off-axis long-baseline accelerator experiments T2K [22, 23] and
NOvA [24-26] are expected to provide the first hint of neutrino MH [27, 28] by observing
the appearance of v, (7.) events in a v, (7,) beam. Future on-axis superbeam facilities
consisting of intense, high power wide-band beams and large next generation detectors, like
LBNE [29-33] and LBNO [34-40] due to their relatively longer baselines, can settle this



issue with much higher confidence. Another interesting test bed for the neutrino MH is the
class of medium-baseline reactor experiments, like the proposed JUNO [41] and RENO-
50 [42]. These future facilities will discriminate between the two different MHs not by using
the Earth’s matter effect, but through the observation of the interference pattern between
the two oscillation frequencies in the reactor antineutrino energy spectrum.

Atmospheric neutrinos can also play a crucial role in this direction. The precise study
of atmospheric neutrinos at GeV energies traveling large distances is enriched with Earth’s
matter effects which in turn gives information on the neutrino MH [43-48]. The smallness
of the atmospheric neutrino flux at GeV energies can be compensated by using very large
detectors, like the low energy extension of IceCube, called PINGU [49] and within the
context of the KM3NeT project, a first phase with a dense detector in the open ocean,
known as ORCA [50]. Recently, a lot of attention has been given to estimate the MH
discovery potential of these proposed facilities [51-58] in light of the large 6;3. The pro-
posed magnetized Iron Calorimeter (ICAL) detector located at the India-based Neutrino
Observatory (INO) cavern [59, 60] is being designed to observe the atmospheric neutrinos
at GeV energies with high detection efficiency and excellent energy and angular resolution
for muons [61, 62]. The most important feature of the ICAL detector is its charge identifi-
cation capability using a magnetic field which makes it possible to observe v, and 7,, events
separately. It gives the ICAL detector an edge compared to the other running or proposed
atmospheric neutrino experiments and greatly enhances the MH discovery reach without
diluting the Earth’s matter effect contained in neutrino and antineutrino signals [63—-69].

Though the main focus of ICAL is identification of the neutrino MH, it will also
contribute to the precision measurements of the atmospheric neutrino mixing parameters,
viz. |Am3,| and 63 [70]. One of the major questions here, from the point of view of
building models of neutrino mass and mixing [13, 71-73] that try to explain the two large
and one relatively small mixing angle in the lepton sector, is whether 23 is maximal or not,
and if it is indeed non-maximal, whether fa3 is less than 45° (the lower octant — LO —
solution) or greater than 45° (the higher octant — HO — solution). This is the so-called
problem of octant degeneracy of fa3 [74], which could also be addressed partly by ICAL.
This experiment would also be able to put severe constraints on new physics scenarios
like CPT violation [75], and will significantly enhance the reach of T2K and NOvA for
detecting CP violation [76].

ICAL is best suited for observing interactions of v, and 7, from the atmospheric
neutrinos, which have energies in the GeV range. When these neutrinos undergo charged-
current interactions in the detector, they give rise to muons, which are tracked by the
resistive plate chambers (RPCs) that constitute the active component of the detector. The
ICAL has been designed to efficiently detect muons of energies in the GeV range, identify
their charge, and reconstruct their momenta to a high precision [61, 62]. The typical
efficiency for detection of a 5 GeV muon travelling vertically is 80%, while the typical charge
identification efficiency is more than 95%. The energy E,, of such a muon can typically
be reconstructed with an accuracy of 12%, while its direction may be reconstructed to
1° [61, 62]. Owing to this capability, the initial analyses of the physics reach of ICAL have
focused on the information from muon energy and direction only [69, 70, 75].



However one of the unique features of ICAL is its ability to detect hadron showers
and extract information about hadron energy and direction from them. For example, the
difference in energies of the interacting neutrino and the outgoing muon, E|_, = E, — E,,,
can be calibrated against the number of hits in the detector due to the hadron shower.
The measured number of hits can then be used to reconstruct the fraction of energy of
the incoming neutrino that is carried by the hadron. This may be achieved with an en-
ergy resolution of 85% (36%) for the hadron energy of 1GeV (15GeV) [77]. Though the
achievable precision on Ej,; is much lower than that on E,, it still provides additional
information about the particular event, which can be extracted in order to improve the
physics reach of the detector. Note that, it is quite challenging to extract the hadronic
information at multi-GeV energies in currently running or upcoming water or ice based
atmospheric neutrino detectors.

In ICAL, one way of using the hadron information would be to simply add the recon-
structed values of E, and Ej_, to reconstruct the energy of the incoming neutrino in each
event, which indeed can improve the accuracy in the measurement of |Am3,| [78, 79].!
However in the process of adding E,, and E]_, in ICAL, the advantage of high precision in
the measurement of E, is partially lost in case of MH discrimination. It has been claimed
in [80] that the MH discovery reach can be improved by treating the reconstructed muon
momentum and calibrated Ej_; as two separate variables. However, since the fraction
of neutrino energy carried by the muon, or equivalently the inelasticity y = Ej_,/Ey, is
different for each event, the correlation between these quantities constitutes an important
part of the information about the event that should not be missed. This strategy has been
suggested earlier in the context of the PINGU and ORCA experiments in [54], where it has
been pointed out that by exploring the information on the inelasticity parameter in each
event, the MH reach can be improved by 20-50%. We implement the same idea here in
detail in the context of the ICAL experiment to enhance its MH discrimination capability
as well as the precision on the atmospheric parameters.

We therefore adopt the approach of using the values of E,,, cosf,, and E|_, from each
event as independent and correlated pieces of information. In this study, we bin the data
in all these three quantities, as opposed to the analyses that use only the muon momentum
(Ey,cos8,). Of course, this also means that the already sparse data has to be further
divided into a larger number of bins. Hence we choose to use a slightly coarser binning
for £, and cosf,. As will be seen from the results, our approach results in a marked
improvement in the ability of the detector to identify the mass hierarchy and increase in
the precision on |Am§2|. The magnitude of the improvement is of the same order as was
expected in [54].

The structure of the paper is as follows. In section 2 we outline our methodology:
extraction of the hadron energy information, the binning scheme, and the yx? procedure.
Section 3 presents the results for the neutino mass hierarchy, precision measurements of
the atmospheric oscillation parameters, and for the 653 octant sensitivity. We conclude in
section 4 with a summary of results and comments on our analysis.

1Such a reconstruction of incoming neutrino energy in multi-GeV range becomes quite difficult in the
detectors like Super-Kamiokande due to the poor reconstruction efficiency of multi-ring events; this can be
done with a high efficiency only in the sub-GeV range where single-ring events dominate.
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Figure 1. The number of events in the QE, RS and DIS processes at ICAL, as functions of neutrino
and antineutrino energies, with an exposure of 500 kt-yr, in the absence of oscillations. The total
number of events is also shown.

2 Methodology

2.1 Neutrino interactions and event reconstruction

The ICAL detector, as described in [59, 62], consists of alternate layers of iron plates and
RPCs, which act as the target mass and active detection elements, respectively. When
a charged particle passes through an RPC, the (X,Y) coordinate of its path is recorded
in the form of strip hits. The Z-coordinate is provided by the RPC layer number. The
hits created by muons in a charged-current v, interaction give rise to distinct track-like
features, while the hits created by hadrons produce shower-like features.

Three main processes contribute to the charged-current v, interactions in the ICAL
detector. In the sub-GeV energy range of neutrinos, the quasi-elastic (QE) process domi-
nates, where the final state muon carries most of the available energy and no hadrons are
produced. Hadronic showers make their appearance in resonance (RS) and deep-inelastic
scattering (DIS) processes when we move from sub-GeV to multi-GeV range. In the RS
process, the final state hadron shower mostly consists of a single pion, though multiple
pions may contribute in a small fraction of events. The DIS process produces multiple
hadrons, which carry a large fraction of the incoming neutrino energy. figure 1 shows the
relative contributions of these three processes to the total number of events in the absence
of oscillations, obtained using the event generator NUANCE [81] and the atmospheric neu-
trino fluxes at Kamioka [82] that we also use in our further analysis in this paper.? It
may be observed that in the neutrino energy range of 5 to 10 GeV, the contribution of
DIS events is significant. This is precisely the energy range where one expects significant
matter effects that will help the mass hierarchy identification. The information on hadrons
produced in these DIS events is therefore crucial.

The inelasticity in an event, defined as y = (E, — E,)/E, = Ej_4/E., is roughly the
fraction of the neutrino energy that is carried by hadrons. The average inelasticities (y)

2Note that the figures 1, 2, and 3 are drawn at the generator level and include the information on the
cross section with the target. The detector efficiencies and resolutions are not included.
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Figure 2. The average inelasticities (y) in QE, RS, and DIS processes as a functions of neutrino
and antineutrino energies. We also show (y) for all channels.
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Figure 3. The distribution of inelasticity in events with neutrino and antineutrino energies in the
range 4 to 7 GeV, with an exposure of 500 kt-yr, in the absence of oscillations.

in the three kinds of processes, as functions of neutrino and antineutrino energies, have
been shown in figure 2. Clearly, the average inelasticity in the DIS events is significant,
which implies that in the energy range of interest for mass hierarchy identification, a large
fraction of the incoming neutrino energy goes into hadrons. While the average inelasticity
does not vary much over this energy range, the inelasticities in individual events have a
wide distribution (see figure 3). Hence it is important to take into account the y values
in individual events. In this paper, we use the energies of hadrons and muons obtained in
each event individually, so that the correlation between them is preserved.

We have already mentioned that distinct tracks are created by muon hits and shower-
like features emerge from the hadron hits. Figure 4 illustrates a neutrino interaction in
the simulated ICAL detector (drawn using the VICE event display package®) producing a
muon track and a hadron shower. The muon reconstruction for ICAL is described in [61],
while the hadron reconstruction is described in [77].

In this work, we focus only on the charged-current event where the neutrino interaction
produces a muon and possibly also a hadron shower. Note that in general, it may not be

3See http://www.hecr.tifr.res.in/~ samuel /html/vice.html.
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Figure 4. A typical deep-inelastic atmospheric muon-neutrino event in the ICAL detector, obtained
using the GEANT4 simulation. Only the relevant part of the detector is shown. X and Y denote
length in units of meters whereas Z represents the layer number.

always possible to distinguish between the muon track and the hadron shower in all events.
Here, we assume that the hits created by a muon and hadron can be separated with
100% efficiency by the ICAL particle reconstruction algorithms. This indeed was also the
assumption made while obtaining the muon and hadron response in [61, 77]. Whenever a
muon is reconstructed, we take all the other hits to be a part of the hadronic shower for the
purpose of hadron energy calibration. This is consistent with the procedure used in [77] for
determining the hadron energy calibration. This further implies that the neutrino event
reconstruction efficiency is the same as the muon reconstruction efficiency. Note that, the
calibration of E]_, 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
the noise, have not been taken into account so far.* The systematics due to these effects
will have to be taken care of in future, as the understanding of the ICAL detector improves.

2.2 Binning scheme in (E,,cos8,, E]_,) space

After incorporating the reconstruction efficiencies and resolutions for muons and hadrons,
in the absence of oscillations one would get about 6200 events with a =~ and 2800 events
with a p*, for an exposure of 500 kt-yr. These numbers would decrease further with
oscillations. For the analysis presented in [69], 20 uniform F, bins in the range 1 to
11 GeV and 80 uniform cosf, bins in the range [—1,+41] were used for each polarity of
muon. While the excellent energy and angular resolutions of muon in ICAL [61] allow us
to use such a fine binning scheme, it does not ensure sufficient statistics for many bins.
Including E}_, as an additional observable for binning would increase the total number

%At a magnetized iron neutrino detector (MIND) which is similar to ICAL, the background due to
neutral-current events and charged-current v. events can be reduced to the level of about a per cent by
using the cuts on track quality and kinematics [83].



Observable Range Bin width | Total bins
[1,4] 0.5 6

E, (GeV) [4,7] 1 3 10
[7,11] 4 |
[~1.0,—0.4] 0.05 12

cos b, [—0.4,0.0] 0.1 4 21

[0.0,1.0] 0.2

[0, 2] 1 2

El .4 (GeV) (2, 4] 2 1 74
[4,15] 11 1

Table 1. The binning scheme adopted for the reconstructed observables E,,, cos6,, and E|_, for
each muon polarity. The last column shows the total number of bins taken for each observable.

of bins further, reducing the statistical strength of each bin significantly. To avoid this
situation we use a coarser binning scheme that is suitable for the three observables F,,
cosB,, and Ej ;. Now most of the bins have sufficient statistics while at the same time the
results are not diluted substantially.

The optimized binning scheme would depend on the parameters one wants to measure.
In particular, it could be different for the mass hierarchy identification and precision mea-
surements of atmospheric neutrino mixing parameters. We do not perform an optimization
study for binning in this paper, however we identify the regions in the 3-dimensional param-
eter space (E,, cos,, Ef ) that are sensitive to the mass hierarchy, and use finer binning
in those regions. These regions roughly span the intervals for £,, = 4 to 7GeV, cosf, = -1
to -0.4, and E]_; = 0 to 4 GeV. We use coarser binning in other regions. The atmospheric
neutrino flux follows a steep power law, resulting in a smaller number of events at higher
muon and hadron energies. Therefore, in general, we take finer bins at low energies and
wider bins at higher energies, for both muons and hadrons, to ensure sufficient statistics in
each bin. This is also consonant with larger uncertainties in energy measurement at higher
energies. Our binning scheme is given in table 1. For each polarity, we use 10 bins for E,,,
21 bins for cosf,, and 4 bins for E]_,, resulting into a total of (4 x 10 x 21) = 840 bins
per polarity.

2.3 Details of the numerical analysis

In this analysis, we obtain the physics reach of the ICAL experiment by suppressing the sta-
tistical fluctuations of the “observed” event distribution which are simulated by NUANCE
in the event rates as well as in the event kinematics. This is implemented by generating
events for an exposure of 50,000 kt-yr, followed by incorporating the detector response and
then normalizing the event distribution to the actual exposure. This procedure, with the
x? statistics, is expected to give the median sensitivity of the experiment in the frequentist
approach [21].



For event generation and inclusion of oscillation, we use the same procedure as de-
scribed in [69, 70], provisionally using the neutrino fluxes predicted at Kamioka [82].5 The
detector response for muons is incorporated by smearing the true muon energy and di-
rection using the Gaussian distributions with the resolution functions obtained from the
ICAL detector simulation [61]. The efficiencies of reconstruction and charge identifica-
tion of muons are also incorporated using the procedure described therein. The hadron
energy response is similarly incorporated by smearing the true hadron energy using the
Vavilov distribution with the parameters obtained from the fits to the ICAL detector sim-
ulations [77]. After incorporating the detector response for muons and hadrons, for the
true values of the oscillation parameters as given in table 2 (with sin?26;3 = 0.1, sin” a3
= 0.5, and NH), one gets about 4500 events with x~ and about 2000 events with u™* for
a 500 kt-yr exposure. We obtain the distribution of these events in terms of E,, cosf,,
and Ej ;.

We define the Poissonian 2 for p~ events as:

Ny ad VB, Neos oy, . N'thkeory 5
_ t eory data data 1J 2
HllIl Z Z Z ’Uk Nl]k ) B 2N In Ndata + Zgl ) (2 1)
i=1 j=1 k=1 ijk =1

where
h
Nitjkeory - Z]k <1 + Z ﬂz]k&l) (22)

In eq. (2.1), N; jhke Y and N data are the expected and observed number of ™~ events in a
given (E,, cosf,, Ej_,) bin. N i are the number of events without systematic errors. Here
Ng, =10, Neosg, = 21, and N B, = 4, as mentioned in table 1. To simulate Ngi}fa, we
have used the oscillation parameters given in table 2 as “true” values. These are benchmark
values used in our analysis, and are consistent with those allowed by the global fit [85—
88]. The effective mass-squared difference is related to the Am3; and Am3; mass-squared

differences through the expression [89, 90]:
Amzﬁc = Am%l - Am%l(cos2 012 — cos dcp sin 13 sin 2615 tan fa3) . (2.3)

The following five systematic errors are included in the analysis using the method of pulls
as in [69, 70]: (i) Flux normalization error (20%), (ii) cross section error (10%), (iii) tilt
error (5%), (iv) zenith angle error (5%), and (v) overall systematics (5%).

Following an identical procedure, Xi for ut events is obtained. Total x? is obtained
by adding the individual contributions from p~ and p* events. We also add a 8% prior
(at 10) on sin® 26,3, since this quantity is currently known to this accuracy [1, 2]. We do
not use any prior on a3 or Am3, since these parameters® will be directly measured at the

SFirst calculations of the expected fluxes at the INO site have recently become available [84], and will
be implemented in future analysis once they are finalized. The difference in the fluxes at the INO and
Kamioka sites arises from the different horizontal components of geomagnetic field at these sites (40uT at
the INO, 30uT at Kamioka).

SAdding constraints on these parameters from other experiments will increase the global sensitivity
to MH.



Parameter True value Marginalization range
sin® 2013 0.09, 0.1, 0.11 [0.07, 0.11]

sin? 63 0.4, 0.5, 0.6 [0.36, 0.66]

Am2e | £2.4x 1073 eV? | [2.1, 2.6] x 1073 eV? (NH)
—[2.6, 2.1] x 1073 eV? (IH)

sin® 2612 0.84 Not marginalized
Am3, 7.5 x 1075 eV? Not marginalized
dcp 0° Not marginalized

Table 2. Benchmark oscillation parameters used in this analysis. The second column shows the
true values of the oscillation parameters used to simulate the “observed” data set, where the “true
value” is the choice of the parameter value for which the data is simulated. The third column
shows the range over which the parameter values are varied while minimizing the 2. This range
corresponds to the 30 allowed values of the parameter in the global fit [85-88]. While performing
the analysis for precision measurements in section 3.2, we do not marginalize over Amzff or sin® 63,
and take |[Am3,(true)| = 2.4 x 1073 eV2.

ICAL detector. Thus we define:

leCAL = X2— + X?i- + X}%rior ) (24)
s _ sin? 2613 — sin? 260;3(true) 2 (25)
Aprior = o(sin? 20;3) '

We take o(sin?2613) = 0.08 x sin? 2013(true). While implementing the minimization pro-
cedure, X%C Ap 1s first minimized with respect to the pull variables &, and then marginalized
over the ranges of oscillation parameters sin? @3, Amgff and sin? 2613 as given in table 2,
wherever appropriate. We do not marginalize over dcp, Am3, and 612 since they have
negligible effect on the relevant oscillation probabilities at ICAL [91]. While we use the
best-fit values of Am%l and 019 from the global fit references [85-88], we consider dcp = 0
throughout our analysis.

3 Results with the (E,, cos8,, E;_,) analysis

In this section, we discuss our findings. We first begin with addressing the neutrino mass
hierarchy issue.

3.1 Identifying the neutrino mass hierarchy

We quantify the statistical significance of the analysis to rule out the wrong hierarchy by

AX*icaL—mu = X’1car (false MH) — x?gap (true MH). (3.1)

Here, xjoap(true MH) and X3 ,; (false MH) are obtained by performing a fit to the “ob-
served” data assuming true and false mass hierarchy, respectively. Here with the statistical



El .4 (GeV) events | Ax? | Ax?/events

0-1 3995 5.8 | 0.0014
1-2 1152 1.9 | 0.0017
24 742 1.7 | 0.0023
4-15 677 1.2 ] 0.0018
0-15 6566 10.7 | 0.0016

(with E] 4 information)

without Ej _, information | 6775 6.3 0.0009

Table 3. Contributions of various E},,-bins to the total Ax?. The events in the last row with-
out Ej_, information have true hadron energies up to 100 GeV. The same conditions as used for
preparing figure 5 have been used here.

fluctuations suppressed, XQIC ap(true MH) ~ 0. The statistical significance is also repre-

sented in terms of no, where n = \/Ax%,; - It has been demonstrated recently [21]
that this relation gives the median sensitivity in the frequentist approach of hypothesis
testing.

Before presenting the physics reach of ICAL for identifying the MH, we motivate the
extent to which the hadron energy information enhances the capability of the experiment
for this identification. In figure 5, we show the distribution of Ax% = x4 (IH) — x4 (NH)
in the reconstructed E,—cos ), plane for the analysis that does not use the hadron energy
information (left panels) and the analysis where events are further divided into four sub-
bins depending on the reconstructed hadron energy (right panels). For the sake of this
comparison, we do not consider the constant contribution in y? coming from the term
involving the five pull parameters 7 in eq. (2.1). Also, we do not marginalize over the
oscillation parameters in the fit. (For our final results, we do take care of the full pull
contributions and marginalizations.)

The upper (lower) panels in figure 5 depict the distribution of Ax? (Axi) coming
from p~ (u") events. It can be observed that with the addition of the hadron energy
information, the area in the E,—cos 6, plane that contributes significantly to AxZ increases,
consequently increasing the net Ay%. Note that this increase in x4 is not just due to the
information contained in the hadron energy measurement, but also due to that in the
correlation between hadron energy and muon momentum.

Another important point to be noted is that the increase in the sensitivity is not simply
due to the events with low E]_,, where the muon energy E, could be expected to closely
match the original neutrino energy FE,. This may be seen from table 3, where we present
the total Ax? contributions from p~ (ut) events for the four individual hadron bins.

Table 3 shows that, while the Ay? contribution from the lowest E] 4 bin is more than
half the total Ax?, this bin also has the majority of the total number of events. Indeed,
the normalized Ax? per event (see the last column of table 3) is slightly higher for larger
Ej .4 bins. This indicates that the hadron energy information from even the higher Ej
bins is significant for discriminating between the two mass orderings.

~10 -
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Figure 5. Distribution of Ax? per unit area (top panels) and Ax? per unit area (bottom panels)
in the (E,—cosf,) plane, when NH is taken to be the true hierarchy. The left panels show the
distribution when hadron energy information is not used. The right panels show the distribution
when hadron energy information is used by further subdividing the events into four hadron energy
bins. We take 500 kt-yr of ICAL exposure.

Figure 6 shows the sensitivity of 50 kt ICAL for identifying the neutrino mass hierarchy
as a function of the run-time of the experiment. We find that after including the hadron
energy information, 10 years of running can rule out the wrong hierarchy with AXIQC ALMH ™
9.7 (for true NH), and AxZqapug ~ 9.1 (for true TH). Equivalently, the wrong hierarchy
can be ruled out to about 3¢ for either hierarchy. This may be compared with the results
without using hadron information. The figure shows that for the same run-time, the value
of AXIZC AL.Mp increases by about 40% when the correlated hadron energy information
is added. Note that for the comparison here, we have used the same binning scheme
in (E,,cosf,) as shown in table 1 for both analyses. One may use finer binning for the
analysis without hadron information, as has been done in [69]. We find that the Ax% ;. v
with hadron energy information added is about 35% more than that in [69]. Thus, the
improvement seen in our analysis with hadron energy information is not merely due to
using additional bins compared to the muon-only analysis. Here we would like to point
out that, in ICAL, we can explore the Earth’s matter effect in neutrino and antineutrino
channels separately using its charge identification capability via magnetic field. This feature
is very crucial in order to enhance the sensitivity to MH.
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Figure 6. A%, 2 a function of the run-time assuming NH (left panel) and IH (right panel) as
true hierarchy. The line labelled (E,,,cos#,,) denotes results without including hadron information,
while the line labelled (E,,cosf,, E] ) denotes improved results after including hadron energy
information. Here we have taken sin? 26;3(true) = 0.1 and sin? f3(true) = 0.5.

Figures 7 and 8 show the variation of the MH identification potential for three bench-
mark values of sin? 653 and sin? 26,3, respectively, in the allowed ranges of these parameters.
Higher values of sin® 3 and sin® 205 increase the matter effects in neutrino oscillations
and thus result in better hierarchy sensitivity, as seen in these plots. This is expected since
the leading matter effect terms in the probability expressions of P,, and P, are propor-
tional to these parameters [91]. Depending on the true values of these parameters and the
true choice of MH, the ICAL detector can identify the MH with a AXIQCAL-MH in the range
of 7 to 12 using an exposure of 500 kt-yr.

As for the variation of AXIQC ALMp With respect to dcp, we have checked that the
projected ICAL atmospheric data is not sensitive to dcp, even after the addition of hadron
energy information. This is not surprising considering the fact that in the expression of
Py, the dcp dependent term is suppressed by a factor of o = Am3,/Am3; [91]. Recently,
this feature of the atmospheric data has also been verified in [68, 69].

3.2 Precision measurement of atmospheric parameters
In order to quantify the precision in the measurements of a parameter A (here A\ may be
sin? fa3 or |Am3,| or both), we use the quantity:
2 2 2

Axicar-pm(A) = XicaL(A) = X0 (3:2)
where X(Q) is the minimum value of XI2CJ Ap, in the allowed parameter range. Here with
the statistical fluctuations suppressed, X% ~ 0. The significance is denoted by no where
n = ,/Ax%c AL.pyv- In terms of these quantities, we define the relative precision achieved
on the parameter A at 1o as [92]
A(max) — A(min)

4 A(true)

p(A) = (3.3)

where A(max) and A(min) are the maximum and minimum allowed values of A at 20
respectively, and A(true) is its true choice.
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Figure 7. Variation of Ax?cay \y for different true values of sin® 63. The left panel (right panel)
shows the results assuming NH (IH) as true hierarchy. Here we have taken sin? 26;3(true) = 0.1.
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Figure 8. Variation of Ax?s sy for different true values of sin® 26;3. The left panel (right panel)
shows the results assuming NH (TH) as true hierarchy. Here we have taken sin” fa3(true) = 0.5.

In the two panels of figure 9, we show the sensitivity of ICAL to the two parameters
sin? fy3 and |Am3,| separately, where the other parameter has been marginalized over. We
also marginalize over #13 and the two possible choices of mass hierarchies. While the figure
shows the results for NH as the true hierarchy, we have checked that 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 would be able to measure sin? 63
to a relative 1o precision of 12% and |Am§2| to 2.9%. With the muon-only analysis,
the same relative precisions would be 13.7% and 5.4%, respectively. Note that, for this
comparison, the binning for (E,,cosf,) has been kept identical in both scenarios, with
and without hadron information. Omne may use finer binning for the analysis without
hadron information. However, we have checked that even the muon-only analysis with
finer binning (20 E,, bins and 80 cos#,, bins) can yield a precision only up to 13.5% and
4.2%, respectively, for the sin? fo3 and |Am2,| precision.

The observations above may be understood by noting that the sin® a3 precision is
governed mainly by the statistics available to the experiment, which does not change by
adding the hadron energy information, and therefore the addition of hadron energy infor-

~13 -



5F 5=
r | /I L \ /
r \ 500 kt - yr | Co\ /
I N e Eoeee N e YA
4725 \ / / 4 \ (E,cos 0, E 20
s | \ —(Ew cos 6, E ) / s [ \ _ (EH, cos e“; had //
i —(E,; cos § & —- &,
3 3 ( w €08 W) // : 3 \ " * /
< T \ o L \ /
2 r / Q= L \ /
x 2 = 2 \ /
< E < t \ /7
R N NSy AP S U WU SO AU 2SRRI
1*10 4 li N 7 1o
| . / |
7\\\‘\\\\‘\\\\‘\\\ L \K\\\\\\\\\\\\\\ ‘.}7““““““‘ L1 L Lo L |
037035 04 045 05 055 0.6 065 07 21 22 23 24 25 26 27 28

sin’ 0,, IA m3,l /107 (eV?)

Figure 9. The left panel shows Ax? 1 py(sin? f23) and the right panel depicts AxZ,a; pu(|Am2,)),
assuming NH as true hierarchy. The lines labelled (E,,cos6,) denote results without including
hadron information, while the lines labelled (E,,,cosf,, E} ) denote improved results after includ-
ing hadron energy information.

28— T 28T T =

F —99% C.L. 500 kt - yr F —99% C.L. 500 kt - yr E

o 2'7; ---90% C.L. B “« 2"7?___ 90% C.L. E
% 26 % CL 1 % 2.6 - 68% CLL. =
~ r - b ~ c._——aam=eTT 7
« Y AR T L -7
= 258 ) e 1% 250 T e ]
- r o E et e ]
= 24 4 = 24 -
& F e o N E
€230 | N T 1 g 230 N e T =
g b\ e g 0 F 0 T~ T g
T 220 e 2.2 =
2.1:7 I I I I L —: 2.1i L L L L ‘:r

0.2 03 04 05 0.6 07 0.8 0.9 0.92 0.94 0.96 0.98 1

sin” 6, sin’ 20,,

Figure 10. AxZqap py contours at 68%, 90%, and 99% confidence levels (2 dof) in sin® 63—
|Am2,| plane (left panel) and in sin? 2693-|Am3,| plane (right panel) after including the hadron
energy information. We assume NH as the true hierarchy. The true choices of the parameters have
been marked with a dot.

mation makes only a small difference in the two analyses. On the other hand, independent
measurements of £, and Ej_, corresponds to a better estimation of E,, which appears in
the oscillation expression as sin?(Am?L/E,). A better measurement of F, thus leads to
a better measurement of Am?, resulting in the dramatic improvement in the precision on
Amj3, observed here.

Figure 10 shows the Ax?ar. py contours at 68%, 90%, and 99% confidence levels in
the sin? fa3—|Am3,| plane (left panel) and in the sin? 2093 Am2,| plane (right panel) after
including the hadron energy information. Here the true value of f23 has been taken to be
maximal, so the contours in the left panel are almost symmetric in sin? #a3. The comparison
of the projected 90% C.L. precision reach of ICAL (500 kt-yr exposure) in sin? fa3—|Am3,|
plane with other experiments [93-95] is shown in figure 11. Using hadron energy infor-
mation, the ICAL will be able to achieve a sin? fy3 precision comparable to the current
precision for Super-Kamiokande [93] or T2K [95], and the |AmZ,| precision comparable to
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for the exposure of 500 kt-yr, assuming true NH. The true choices of the parameters for ICAL have
been marked with a dot.

the MINOS reach [94]. Of course, some of these experiments would have collected much
more statistics by the time ICAL would have an exposure of 500 kt-yr. The ICAL will
therefore not be competing with these experiments for the precision measurements of these
mixing parameters, however the ICAL measurements will serve as complementary informa-
tion for the global fit of world neutrino data. Note that, as compared to the atmospheric
neutrino analysis at Super-Kamiokande, the ICAL precision on |Am3,| is far superior. This
is a consequence of the better precision in the reconstruction of muon energy and direction
at ICAL.

Finally in this subsection, we present 68%, 90%, and 99% C.L. contours in the sin? fo3—
|Am3,| plane, considering non-maximal values of the mixing angle 63. Figure 12 shows the
sensitivity of ICAL for sin? 263 = 0.93 (i.e. sin® fp3 = 0.37, 0.63). It can be seen that the
precisions obtained are similar, though the shapes of the contours are more complicated.
We observe that for 023 in the lower octant, the maximal mixing can be ruled out with
99% C.L. with 500 kt-yr of ICAL data. However, 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. These contours can also be seen as precursors to resolving the o3 octant
degeneracy, which will be discussed in section 3.3.

3.3 Octant of 033

One can exploit the Earth’s matter effect in the P, channel to resolve the octant ambi-
guity of fa3 [96]. In analogy with the mass hierarchy discovery potential, we quantify the
statistical significance of the analysis to rule out the wrong octant by

Ax%CAL_OS = X%CAL(false octant) — X%CAL(true octant). (3.4)
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Figure 13. Axfa1. og for octant discovery potential as a function of true sin” fa3. The left panel
(right panel) assumes NH (IH) as true hierarchy. The line labelled (E,,cosf,) denotes results
without including hadron information, while the line labelled (E,,,cos6,, Ej,4) denotes improved
results after including hadron energy information. ICAL exposure of 500 kt-yr is considered.

Here X3 ap (true octant) and 3o ap (false octant) are obtained by performing a fit to the
“observed” data assuming the true octant and wrong octant, respectively. Here with
the statistical fluctuations suppressed, X%c Ap(true octant) ~ 0. For each given value of
093 (true), we marginalize over all the allowed values of 633 in the opposite octant, in-
cluding the maximal mixing value. We also marginalize Axfc AL-0g over the true choices
of mass hierarchy in addition to the oscillation parameters mentioned in 2.3. The sta-
tistical significance for ruling out the wrong octant is represented in terms of no, where
=4/ Axicar.os-

Figure 13 shows the sensitivity of ICAL to the identification of the 623 octant, with
and without including the hadron energy information. It may be observed that a 2¢
identification of the octant is possible 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 20 identification only when sin? fo3(true) < 0.375, which
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is almost close to the present 3o bound. With the addition of hadron energy information,
this task is possible as long as sin? faz(true) < 0.395. If the true octant is HO or the true
mass hierarchy is inverted, then the discrimination of o3 octant with the ICAL data alone
becomes rather difficult. In case of NH (IH), neutrino (antineutrino) events are mostly
affected by the Earth’s matter effect and give vital clues towards the octant of f23. Since
the statistical strength of atmospheric neutrino events is higher compared to antineutrino
events, the octant sensitivity is better for NH compared to IH. We have checked that these
observations are not much sensitive to the true value of f13. A variation of sin? 20;3(true) in
the range 0.09 to 0.11 changes the values of Ax?+,1 g only marginally. Clearly, the octant
discrimination becomes more and more difficult as the true value of sin? fs3 moves close to
the maximal mixing. A combination of atmospheric as well as long-baseline experiments
is needed to make this measurement [97-100].

4 Summary and concluding remarks

The main aim of the upcoming ICAL experiment at INO is to determine the mass hierarchy
of neutrinos by observing the atmospheric neutrinos and exploiting the Earth matter effects
on their oscillations. The major advantage of the ICAL detector is that it is well-tuned to
detecting muons in the GeV range with a high efficiency, and reconstructing their energy
and direction with a high precision. It can also identify the charge of the muons, which
allows it to distinguish between an incoming v, and 7,, a capability that is beyond the
reach of other large atmospheric neutrino experiments. Because of these features the focus
of the analyses for determining the physics reach of ICAL has so far been on exploiting the
high-precision information on muon momenta.

However, a large detector like ICAL with its calorimetric properties is also capable
of measuring the hadron energy, which may be parameterized in terms of the observable
El.q4 = E, — E, through a hadron hit calibration procedure. In this paper, we present
the enhancement in the physics reach of this experiment brought in by taking into account
the combined information in muon momentum and hadron energy in each event. We focus
on the identification of mass hierarchy and the precision measurements of atmospheric
neutrino mixing parameters.

The additional information we seek is contained not only in the hadron energy distribu-
tion of events, but also in the correlations between the hadron energy and muon momentum
in each event. For example, by using both E]_; and E,, as observables, we indirectly probe
the incoming neutrino energy. However a naive addition of these two to reconstruct the
neutrino energy would lose the advantage of precise muon energy determination, and hence
our analysis goes beyond that, by treating both these observables separately for each event.
Indeed, when the muon and hadron information is combined on an event-by-event basis,
one also gets access to what fraction of energy of the incoming neutrino is carried by the
muon. This correlated muon and hadron information is what we try to extract in this
analysis.

We adopt a binning scheme in the observables (E,, cosf,, E}_,), where we divide the
events in 10 E, bins, 21 cos#, bins, and 4 Ej_, bins. We have used a relatively coarse
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binning scheme since we would like to have sufficient number of events in all bins. Since
the hadron energy resolution at ICAL is not as precise as that for the muon, the number
of EJ 4 bins has been chosen to be small. The non-uniform bins are such that the features
relevant to the oscillations and matter effects are retained. We demonstrate that such an
analysis yields marked improvements over the analyses that use muon information alone.

Adding the hadron energy information to the muon information, we find a significant
enhancement in the capability of ICAL to determine the neutrino mass hierarchy. For the
benchmark values of oscillation parameters, which are close to the current best-fit values,
ICAL can determine the neutrino mass hierarchy with a significance of Ax%c ALMHE < 9
with 500 kt-yr exposure. This is an improvement of more than 40% over the analysis that
uses only muon information. This also implies that the same value of AXI2C ALME can be
achieved with 40% less exposure when the correlated hadron information is added. We have
also checked that the results with hadron energy are superior by about 35% even when a
finer binning scheme — 20 £, bins and 80 cos ), bins — is adopted for the analysis that
uses only muon information. Depending on the true values of the oscillation parameters,
the Axfc aLvp value varies between 7 and 12, for an exposure of 500 kt-yr. This is a
crucial improvement, given that the main aim of the ICAL experiment is the identification
of mass hierarchy.

We also demonstrate that the atmospheric neutrino mixing parameters can be mea-
sured more precisely by the inclusion of hadron energy information. Addition of hadron
energy information improves the sin? fa3 precision marginally from 14% to 12%. However
the precision on |Am§2| improves remarkably, from 4.2% to 2.9%, even when the former
has been obtained with the finer binning mentioned above. This may be attributed to a
better determination of the original neutrino energy, and hence a better determination of
the leading term in the muon survival probability that oscillates as sin?(Am3,L/E,). With
the inclusion of hadron energy information, the expected precision on |Am§2| from ICAL
after 500 kt-yr exposure is much better than the current reach of Super-Kamiokande; it is
comparable to that obtained from MINOS, or with the current T2K data.

As far as the discrimination of 653 octant is concerned, the hadron information increases
the range of true 053 values for which, say, a 20 discrimination is possible. However, such
a discrimination would be possible with 500 kt-yr exposure only with true NH and and
sin? 03 (true) < 0.395. For higher values of a3, the reach of ICAL alone is still limited.

It is clear from the above results that the inclusion of correlated hadron energy infor-
mation improves oscillation physics sensitivities in almost all areas. However a few caveats
are in order while interpreting the final numbers. We use the ICAL detector response to
the muons and hadrons, as obtained by the INO collaboration. Given the current status
of the understanding of the ICAL detector response obtained from simulations, we have
had to make certain assumptions. For example, we assume that the muon track and the
hadron shower can be separated completely in all events. We also neglect the background
hits, noise, multiple hits, and assume that they do not affect the hadron response of the
detector. As the understanding of the detector improves, including the reconstruction for
muons and hadrons and the separation of hits due to them, the physics reach could be
affected. However, this paper demonstrates quantitatively that, with the same conditions
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and assumptions, the inclusion of event-by-event hadron energy information in the analysis
increases the reach for mass hierarchy identification and |Am3,| precision by a significant
amount.

We expect this analysis procedure to become the preferred one for future analyses of
ICAL physics reach. However it still does not extract all possible information contained in
the events, for example the information in the hit pattern of hadron shower remains unex-
ploited. A better understanding of the hadron response of the detector, and development
of algorithms to use the hadron data efficiently would be crucial in making the most of the
data that would be available from ICAL.
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