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The proposed 50 kt Iron Calorimeter (ICAL) detector at the India-based Neutrino Observatory
(INO) aims to detect atmospheric muon neutrinos and antineutrinos separately in the multi-GeV
range of energies and over a wide range of path lengths. While passing through the Earth, the
upward-going neutrinos experience a density-dependent matter effect, which can be utilized to
extract information about the internal structure of Earth. Since the Earth’s matter effect modifies
the neutrino oscillation patterns differently for neutrinos and antineutrinos, the capability of ICAL
to distinguish = and u* events plays an important role in observing this matter effect. Taking
advantage of good angular resolution, ICAL would be able to observe about 331 u~ and 146 u*
events corresponding to the core-passing neutrinos and antineutrinos, respectively, in 10 years.
We demonstrate for the first time that ICAL would be able to validate the presence of Earth’s core
by ruling out a two-layered profile consisting of only mantle and crust in fit with respect to the
PREM profile in data with a median Ay? of 7.45 for normal mass ordering (NO) and 4.83 for
inverted mass ordering (IO) using 500 kt-yr exposure. If we do not use the charge identification
capability of ICAL, these sensitivities deteriorate to a Ax? of 3.76 for NO and 1.59 for IO.
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1. Introduction and Motivation

Neutrinos are capable of passing through the whole Earth because they only take part in weak
interactions. While traveling through the Earth, the atmospheric neutrinos interact with the ambient
electrons via the charged-current (CC) process, which is coherent, forward, and elastic in nature.
These CC interactions modify the neutrino and antineutrino oscillation patterns in different fashions.
This Earth’s matter effect [1] depends on the density distribution of electrons inside Earth and can
be utilized to reveal the internal structure of Earth.

From seismic studies [2], we know that the Earth can mainly be divided into three layers which
are core, mantle, and crust, where the core is the innermost layer. While traveling through the mantle,
neutrinos experience the well-known Mikheyev-Smirnov-Wolfenstein (MSW) resonance [1] around
6to 10 GeV of energies. On the other hand, when neutrinos penetrate the core, the so-called neutrino
oscillation length resonance (NOLR) [3], or parametric resonance [4] comes into the picture around
3 to 6 GeV of energies.

The upcoming 50 kt Iron Calorimeter (ICAL) detector at the India-based Neutrino Observatory
(INO) [5] would detect atmospheric neutrinos and antineutrinos separately in the multi-GeV range
of energies over a wide range of baselines. The magnetic field of around 1.5 Tesla enables ICAL
to distinguish u~ and u* events, which in turn, helps us to differentiate between the matter effects
felt by neutrinos and antineutrinos. In this work, we estimate ICAL sensitivities for distinguishing
various profiles of Earth using atmospheric neutrinos and antineutrinos. We validate the presence
of Earth’s core by ruling out a simple two-layered coreless profile of mantle-crust with respect to
the PREM profile of Earth.

2. Studying Various Profiles of Earth through Neutrino Oscillograms
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Figure 1: Left: Profile of Earth with three layers. Right: Density distributions of various profiles of Earth
as a function of the radial distances of layers from the center of the Earth. Note that the total mass and radius
of Earth remain invariant in all these profiles. These figures are taken from Ref. [6].

In the left panel of Fig. 1, we show a three-layered profile of Earth with core, mantle, and crust.
The right panel of Fig. 1 depicts the density distributions of various profiles of Earth as a function
of the radial distances of layers from the center of Earth. The cyan curve corresponds to the PREM
profile with 81 layers [2]. For computational ease, throughout this work, we use the PREM profile
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Figure 2: Oscillograms for v,, survival channel considering the PREM profile (left panel) and two-layered
mantle-crust profile (right panel) of the Earth. See text for details. These figures are taken from Ref. [6].

with 25 layers (black curve) which preserves all the important features of Earth. The solid red,
dotted blue, dashed green, and dotted pink curves represent the core-mantle-crust, mantle-crust,
core-mantle, and uniform profiles of Earth, respectively. In the coreless profile of mantle-crust, the
core and mantle are merged together, having a uniform density throughout the resulting mantle.
While considering all these profiles, we assume that the mass and radius of Earth remain invariant!.

sin® 261, | sin 6p3 | sin®26;3 Amgﬂr (€V?) Am%1 (€V?) | 6cp | Mass Ordering
0.855 0.5 0.0875 | 2.49x 1073 | 7.4x 1073 0 Normal (NO)

Table 1: The values of benchmark oscillation parameters used in this analysis. These values are in good
agreement with the present neutrino global fits [7]. Normal mass ordering corresponds to m < myp < m3.

About 98% events at ICAL are contributed by survival (v, — v,) channel and remaining
by appearance (v, — v,) channel. Hence, in Fig. 2, we only show oscillograms for v, survival
channel as a function of neutrino energies and directions for the PREM profile (see left panel)
and mantle-crust profile (see right panel) using the oscillation parameters mentioned in Table 1.
Amgﬁ is the effective atmospheric mass squared difference?. The dark blue diagonal bands in both
the panels of Fig. 2 correspond to the minima of v, — v, survival channel and are known as
the oscillation valleys [8, 9]. In the left panel of Fig. 2, the MSW resonance can be seen as red
patch around —0.8 < cos#, < —0.5 and 6 GeV < E, < 10 GeV, whereas yellow patches around
—1.0 < cosf, < —0.8 and 3 GeV < E, < 6 GeV are caused by NOLR/parametric resonance. As
far as the mantle-crust profile is concerned, we can see in the right panel of Fig. 2 that the MSW
resonance region gets modified and the parametric resonance zone is absent which indicates that
the core is not there anymore.

3. Reconstructed Muon Event Distributions at ICAL

The magnetized 50 kt ICAL detector consists of stacks of iron layers (act as targets) with
Resistive Plate Chambers (RPCs) sandwiched between them as active elements. The charged-

Note that one can also consider the moment of inertia of Earth as an additional invariant quantity.
2 2 2 _Ap2 2 2 : :
2AmZ is related to Am3, by AmZg = Am3, — Amy, (cos“ @17 — cos dcp sin B3 sin 2601, tan 63).
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Figure 3: The distributions of reconstructed u~ (left panel) and u* (right panel) events with 500 kt-yr
exposure at ICAL for core-passing neutrinos and antineutrinos, respectively, assuming the PREM profile
of Earth. The dotted, dashed, and solid blue vertical lines refer to the core-mantle boundary, mantle-crust
boundary, and horizon, respectively. These figures are taken from Ref. [6].

current quasi-elastic interactions of atmospheric muon neutrinos inside the iron layers of ICAL
produce only muons in the final state, which create hits in the RPCs, resulting in long tracks inside
the detector. The direction of bending of the muon track in the presence of the magnetic field gives
rise to the charge identification (CID) capability of ICAL. On the other hand, the charged-current
resonance scatterings and deep inelastic interactions create hadron showers along with muon tracks.

We simulate neutrino interactions using the NUANCE event generator considering ICAL
geometry with neutrino flux at the INO site. We incorporate the full three-flavor neutrino oscillation
probabilities using a reweighting algorithm. The detector responses are applied using the migration
matrices provided by the ICAL collaboration [5]. To suppress the statistical fluctuations, first, we
generate the events considering 1000-yr exposure that is later scaled to 10-yr Monte Carlo (MC)
data corresponding to 500 kt-yr exposure.

Using the good directional resolution, ICAL would be able to detect about 331 y~ and 146
u* events for core-passing neutrinos and antineutrinos, respectively, in 10 years. In Fig. 3, we
show the distributions of reconstructed = (left panel) and u* (right panel) events for core-passing
neutrinos and antineutrinos, respectively. We can observe that the reconstructed muons preserve
the directional information about the regions through which neutrinos have traveled.

4. Results

To perform numerical analysis, we define a Possonian y? for x4~ in terms of reconstructed
observables E;¢, cos 6, and E rec following Refs. [6, 10]:

had
Npgree Npree Nogs grec theory S
=min 37 Z Z 2N - N -Gl e ||+ 8
=1 j=1 = ijk =1
where,
N = Ny 1+Zﬂ,,k§z - )
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Ax IZCAL—proﬁ]e

MC Data Theory NO(true) IO(true)
CID | NoCID | CID | No CID
PREM Vacuum 5.52 3.52 4.09 1.67
PREM | Mantle-Crust | 7.45 3.76 4.83 1.59
PREM Core-Mantle | 0.27 0.18 0.21 0.07
PREM Uniform 6.10 3.08 3.92 1.18

Table 2: The median Ay? to rule out the alternative profiles of Earth with 500 kt-yr exposure of ICAL. We
perform marginalization over oscillation parameters sin’ 63, Amzﬁ, and both the mass orderings in theory
while keeping other oscillation parameters fixed at their benchmark values as mentioned in Table 1. These
sensitivities are taken from Ref. [6].

Above, N;ljl.zory and Nf}f‘}{a correspond to the expected and observed number of reconstructed j~

(<]

events in a given (E}, cos 8, E'\°)) bin. We use the binning scheme as mentioned in Table 5 in

Ref. [6]. N?j « represents the number of events without systematic uncertainties. We incorporate
systematic uncertainties using method of pulls as described in Refs. [6, 10].

Similarly, we define y? for u* and then add y? and y? to obtain the total )(IZC A, for ICAL,

Xicar = X2(10) + x2(ub). 3)

Here, we use the benchmark values of oscillation parameters as mentioned in Table 1 as true
parameters to generate the prospective data. In theory, we first minimize )(IZC A1 With respect to the
pull variables (¢), and then, we perform marginalization over the oscillation parameters sin® 63
in the range of 0.36 to 0.66, AmgIT in the range of (2.1 — 2.6) x 1073 €V, and both choices of
mass orderings (NO and 10). The values of other oscillation parameters in fit are kept fixed at their
benchmark values as mentioned in Table 2.

To perform statistical analysis, we first simulate the prospective data assuming the PREM profile
as the true profile of the Earth. The statistical significance of ICAL to rule out the mantle-crust
profile with respect to the PREM profile is defined as follows

A XIZC AL-profile = /\/IZC A1, (mantle-crust) — )(IZC AL (PREM), (@)

where )(IZC A (mantle-crust) and )(IZC AL (PREM) are estimated by fitting the prospective data as-
suming mantle-crust and PREM profiles, respectively. Note that XIZC AL (PREM) ~ 0 because the
statistical fluctuations are suppressed to obtain the median sensitivity.

In Table 2, we present ICAL sensitivities to rule out the alternative profiles of Earth in fit with
respect to the PREM profile in MC data. We can observe that A )(IZC AL-profile © rule out the vacuum
in theory with respect to the PREM profile in MC data is 5.52 for NO (true) and 4.09 for 1O (true)
with CID, which shows that ICAL can establish the presence of Earth’s matter with good sensitivity.
In the absence of CID, these results deteriorate to 3.52 for NO (true) and 1.67 for IO (true), which
indicate that the CID capability of ICAL is crucial to observe the Earth’s matter effect.

The second row in Table 2 shows that ICAL can rule out the coreless profile of mantle-crust in
fit with respect to the PREM profile in MC data with A XIZC AL-profile of 7.45 for NO (true) and 4.83
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for 10 (true) with CID. This is the sensitivity with which ICAL can validate the presence of Earth’s
core. In the absence of CID, these sensitivities worsen to 3.76 for NO (true) and 1.59 for 10 (true),
which shows that CID plays a vital role in establishing Earth’s core using ICAL. We also observe
that ICAL would be able to validate Earth’s core with a higher confidence level if 6,3 > 45°.

5. Conclusions

The atmospheric neutrinos passing through Earth interact with the ambient electrons, which
modifies the neutrino and antineutrino oscillation probabilities in different ways. These density-
dependent matter effects can be utilized to reveal the distribution of matter inside Earth. Using the
good energy and directional resolutions, the 50 kt ICAL would be able to observe 331 u~ and 146
u* events for core-passing neutrinos and antineutrinos, respectively, in 10 years. We demonstrate
that using 500 kt-yr exposure, ICAL would be able to validate the presence of Earth’s core by ruling
out the coreless profile of mantle-crust in theory with respect to the PREM profile in data with a
Ax? of 7.45 for NO and 4.83 for 10. In the absence of CID, these sensitivities deteriorate to 3.76
for NO and 1.59 for IO.
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