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ABSTRACT: Atmospheric neutrinos provide a unique avenue to explore the internal struc-
ture of Earth based on weak interactions, which is complementary to seismic studies and
gravitational measurements. In this work, we demonstrate that the atmospheric neutrino
oscillations in the presence of Earth matter can serve as an important tool to locate the core-
mantle boundary (CMB). An atmospheric neutrino detector like the proposed 50 kt magne-
tized ICAL at INO can observe the core-passing neutrinos efficiently. These neutrinos would
have experienced the MSW resonance and the parametric or neutrino oscillation length res-
onance. The net effect of these resonances on neutrino flavor conversions depends upon the
location of CMB and the density jump at that radius. We quantify the capability of ICAL
to measure the location of CMB in the context of multiple three-layered models of Earth.
For the model where the density and the radius of core are kept flexible while the mass and
radius of Earth as well as the densities of outer and inner mantle are fixed, ICAL can de-
termine the location of CMB with a 1o precision of about 250 km with an exposure of 1000
kt-yr. With the 81-layered PREM profile, this 1o precision would be about 350 km. The
charge identification capability of ICAL plays an important role in achieving this precision.
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1 Introduction and motivation

The exact nature of deep interior of Earth has been a long-standing puzzle. The internal
regions of Earth are inaccessible due to extreme temperatures and pressures. Direct mea-
surements are not feasible after a depth of a few km. Most of the information available
about the internal structure of Earth has been obtained using indirect probes such as the
gravitational measurements [1-6] and the seismic studies [7-15]. For example, gravita-
tional measurements provide information on the mass [1-5], and the moment of inertia of
Earth [5, 6]. These tell us that the average density of Earth deep below must be much
larger than the typical rock density at the surface.

Seismic waves are generated when the tectonics plates in the outermost layers of Earth
slide against each other. The origin of earthquake, called epicenter, is typically located up
to a depth of about 700 km [9, 12]. These seismic waves travel in all directions through
the bulk of Earth and can reach the surface all over the globe. They are measured by
seismometers which provide the information about the time, location, and intensity of the
earthquake. While passing though Earth, these waves can get reflected or refracted on



encountering matter with different densities and composition [9]. The features observed in
the seismic waves are used to infer the internal structure of Earth.

From seismic studies [7-15], we know that the Earth consists of a layered structure in
the form of concentric shells. As we go from outside to deep inside the Earth, the layers are
arranged in the order of increasing densities as crust, outer mantle, inner mantle, outer core
and inner core. The density changes sharply at the core-mantle boundary (CMB) which
has been infered to be 3483 &+ 5 km using seismological measurements [7, 16]. Even though
seismic studies and gravitational measurements have provided us a huge amount of data and
revealed crucial information about the internal structure of Earth, there are still many open
issues [13]. For example, the radius, mass, and chemical composition of the core are not very
well known. The density jump between outer core and inner core is not known precisely.
There are many unexplained structures and heterogeneities observed in the lowermost
mantle, beneath Africa and Pacific, that show lower-than-average seismic wave speeds
which are known as large low-shear-velocity provinces (LLSVPs) and ultra low velocity
zones (ULVZs) [14, 17, 18]. Active research is being pursued to determine the composition
of the bulk silicate Earth [13, 19]. If we talk about the presence of light elements inside
Earth, we don’t know how much H5O is present in the mantle and how much H is present
in the core [15, 20, 21]. The precise measurement of radioactive power produced in the
mantle and core is important to understand the thermal dynamics inside Earth [22-25].

Complementary information using additional probes such as neutrinos can improve our
understanding about the structure of Earth. Neutrinos interact only via weak interactions,
which enables most of the neutrinos to pass through Earth without getting absorbed. The
cross section for interaction of neutrino with nucleons increases with energy. At energies
higher then a few TeV, the interaction cross section is large enough to have sizable absorp-
tion of neutrinos inside the Earth [26, 27]. The idea of using the attenuation in the flux
of neutrinos to probe the internal structure of Earth was proposed in refs. [28, 29], and
detailed studies using neutrinos from various sources, such as man-made neutrinos [28-42],
extraterrestrial neutrinos [35, 43-46|, and atmospheric neutrinos [47-50] have been per-
formed. The analysis in ref. [47] made a forecast that using the absorption of high-energy
atmospheric neutrinos (in the range of 10 to 100 TeV), IceCube can reject the homogeneity
of the Earth at 3.40 confidence level in 10 years with conservative assumptions on the
theoretical and systematic uncertainties. The analysis of the one-year data of multi-TeV
atmospheric muon neutrinos at IceCube, carried out in ref. [51], estimated the densities of
various Earth layers using the absorption of high-energy neutrinos for the first time. They
determined the mass of the Earth to be M}, = 6.01%3 x 10%* kg, which is in good agreement
with the gravitational measurement. Another way of exploring the interior of Earth can
be the use of diffraction patterns produced by the coherent scattering of neutrinos with
the Earth’s matter, but this is not feasible with the present technology [52].

The improvement in the precision measurement of neutrino oscillation parameters [53—
56], including reactor mixing angle 03 [57-60], have provided a new way to explore Earth’s
interior via matter effects in neutrino oscillations in the multi-GeV range of energies. The
matter effects come into picture during the interactions of upward-going atmospheric neu-
trinos with the ambient electrons present inside Earth. This charged-current (CC) coherent



elastic forward scattering results into an effective matter potential for neutrinos which de-
pends upon the number density of electrons along the neutrino trajectory. The possibility
of probing the internal structure of Earth using these density-dependent matter effects is
known as “neutrino oscillation tomography”. These studies have been performed using
man-made neutrino beams [61-71], supernova neutrinos [72, 73], solar neutrinos [72, 74—
79], and atmospheric neutrinos [80-95]. In the sub-GeV and multi-GeV energy ranges,
atmospheric neutrinos are the best source of neutrinos to probe the internal structure of
Earth because they have access to a wide range of baselines starting from about 15 km to
12750 km which cover all the layers of Earth. Sensitivity studies for the current and future
atmospheric neutrino experiments like IceCube [82], Precision IceCube Next Generation
Upgrade (PINGU) [81], Oscillation Research with Cosmics in the Abyss (ORCA) [96], Deep
Underground Neutrino Experiment (DUNE) [97], Hyper-Kamiokande (Hyper-K) [98], and
Iron Calorimeter (ICAL) detector [88] have been performed. These studies have shown
how to detect the presence of core-mantle boundary using ICAL [88], constrain the average
densities of the core, and the mantle using ORCA [83, 90, 91, 95] and DUNE [89], deter-
mine the position of the core-mantle boundary using DUNE [92], and explore the chemical
composition of the Earth’s core using PINGU [81], Hyper-K and IceCube [82], as well as
ORCA [84-86, 90, 94, 95].

Further information about the chemical composition of the Earth can also be obtained
using the geoneutrinos which are produced during the decay of radioactive elements such
as Uranium, Thorium and Potassium [22-25, 99, 100]. Geoneutrinos may shed light on the
radiogenic contribution to the heat budget of Earth. Since neutrinos use weak interactions
to probe the internal structure of Earth, which is complementary to seismic studies based
on electromagnetic interactions and gravitational measurements based on gravitational

interactions, this would pave the way for “multi-messenger tomography of Earth”.

The proposed 50 kt ICAL detector at the upcoming India-based Neutrino Observa-
tory (INO) [101] would be able to detect atmospheric neutrinos and antineutrinos in the
multi-GeV range of energies and over a wide range of baselines. Thanks to the presence of
magnetic field of about 1.5 T, ICAL would be able to distinguish between neutrino (by ob-
serving p~) and antineutrino (by observing u™) events separately. Further, due to its good
directional resolution, ICAL would be able to observe and identify the neutrinos passing
through core and mantle separately. The ICAL detector would be sensitive to Mikheyev-
Smirnov-Wolfenstein (MSW) resonance [102-104], which occurs around the energies of 6
to 10 GeV for mantle-passing neutrinos. It can also observe neutrino oscillation length res-
onance (NOLR) [105-109] or parametric resonance (PR) [110, 111], which occurs around
the energies of 3 to 6 GeV for some of the core-passing neutrinos. The NOLR/ parametric
resonance occurs due to a sudden jump in the density when we go from mantle to core. The
pattern of NOLR/ parametric resonance depends upon the amount of density jump and the
location of CMB. In the present work, we explore the impact of modifying the CMB radius
on neutrino oscillations and hence, on the reconstructed muon events at the ICAL detec-
tor. We demonstrate that the location of core-mantle boundary can be measured using the
matter effects in atmospheric neutrino oscillations with the help of the ICAL detector.



In section 2, we discuss the internal structure of Earth and the propagation of seismic
waves through different regions of Earth. In section 3.1, we describe our methodology for
exploring various modified-CMB scenarios with a simple three-layered density profile of
Earth. The impact of CMB modification on neutrino oscillation probabilities is discussed
in section 3.2 and 3.3. The neutrino event simulation at ICAL is described in section 4. The
method of statistical analysis to quantify the impact of CMB modification is explained in
section 5. In section 6, we evaluate the sensitivity of ICAL for determining the location of
CMB. Finally, we present the summary and concluding remarks of this study in section 7. In
appendix A, we demonstrate the possible origin of asymmetric and non-monotonic behavior
of sensitivities for modified-CMB scenarios with respect to the standard CMB in three-
layered profile at the probability level. In appendix B, we present the sensitivities for
determining the location of CMB using the 81-layered PREM profile.

2 A brief review of the internal structure of earth

The surface of Earth consists of soil, sand, rocks, mountains, rivers, oceans, ice, and lava etc,
which differ from each other geologically as well as in terms of chemical composition. The
layers beneath these structures are mostly solid and consist of various types of rocks. The
direct observations of layers inside Earth have been possible only up to a few kms because
the deepest hole in the world till today, with current technology, is only about 12 km which
was drilled on the rocks of Kola Peninsula in the Murmansk region of Russia [112, 113].
Below the depth of 6 km, a temperature gradient of 20° C per km was observed instead of
the expected gradient of 16° C per km. Eventually, the drilling had to stop due to extreme
temperature of about 180° C. This exploration clearly shows that if we want to know
more about the structure of Earth at the deeper locations, then we need to use indirect
methods, for example, gravitational measurements [1-6], studies of earthquakes or seismic
waves [7—15], neutrino tomography [114], etc.

Seismic waves are generated when the tectonic plates inside Earth slide and the energy
is released in the form of vibrations. They get modified while propagating through Earth.
The velocity and timing measurements of seismic waves are used to unravel the internal
structure of Earth [7, 8, 10, 11]. Seismic studies have revealed that the Earth consists of the
layers in the form of concentric shells which can be broadly divided into core and mantle.
The radius of core is about half the radius of Earth (Rg) which is about 6371 km. The
contribution of core and mantle to the mass of Earth are about 32% and 68%, respectively.

The information about Earth is also obtained using gravitational measurements. The
mass of Earth (M) is gravitationally measured to be about (5.9722 4 0.0006) x 10** kg [1-
4] whereas its moment of inertia is about (8.01736 + 0.00097) x 1037 kg m? [5, 6]. Since the
measured moment of inertia is less than the expected one (2/5MgR% ~ 9.7x 1037 kg m?) for
a uniform density distribution inside Earth, the density should be more as we go deeper in-
side the Earth. In other words, the matter should be concentrated more towards the center
of Earth. Using Mg and Rg, one can obtain the average density of Earth to be 5.5 g/cm?,
which is larger than the density of rocks (~2.8 g/cm?) present on the surface. This obser-
vation also points towards the presence of regions of higher densities deep inside the Earth.
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Figure 1. The left panel shows examples of seismic waves originating at the focus of an earthquake
(black dot) and traveling inside Earth. The dashed and solid curves represent the S (shear) and
P (pressure) waves, respectively. Colored curves represent the trajectories of these seismic waves.
The components (S, P, K, I, J, s, p, ¢) of the seismic waves are described in the text. The right
panel shows a three-layered model of Earth consisting of the core, inner mantle, and outer mantle.
The red curve depicts the density profile of Earth as a function of radial distance from its center.

Now, let us try to understand, how the interiors of Earth are probed using seismol-
ogy. Seismic waves can be classified into two categories — shear (S) waves and pressure
(P) waves. The S-waves result into the vibration of rocks perpendicular to the direction
of propagation whereas the P-waves force the particles to vibrate along the direction of
propagation. The S-waves and P-waves modify differently while passing through the layers
of Earth. The P-wave can travel through both solid as well as liquid layers but the velocity
of the P-wave decreases while passing through liquid layers. As far as the S-waves are
concerned, they cannot travel through the liquid layers.

The seismic waves originating from the center of the earthquake travel through the
Earth and land at various positions on the surface. During their propagation through
Earth, S and P-waves may get reflected and refracted at multiple density discontinuities
inside the Earth, splitting into different segments as shown in the left panel of figure 1.
The nomenclature of these segments is as follows:

e S and P indicate the S-wave and P-wave traveling through the mantle.
e K and I stand for the P-waves passing through the outer and inner core, respectively.
e J indicates the segment of the S-wave traveling through the inner core.

e s and p indicate those S and P-waves, respectively, which initially travel upward from
the center of the earthquake, and then get reflected downward from the Earth’s outer
surface.

e c represents an upward reflection at the core-mantle boundary.



The seismic studies indicate that the mantle consists of hot rocks of silicate [8]. The
rocks in mantle are not molten. However, they are plastic in nature which allows them to
change their shape over long timescales. Beneath the mantle, the Earth consists of a high
density core which is composed of metals like iron and nickel. The inability of S-waves to
pass through the outer core, and the decrease in the velocity of P-waves therein, indicate
that the outer core is expected be liquid [8]. In 1936, I. Lehmann discovered the inner
core by its higher P-wave velocity [115]. Inner core is expected to be solid [116]. The
only possible reason why iron and other heavy metals may be solid at high temperatures
inside the inner core would be because their melting points increase significantly at the
tremendous pressure present there [116].

The data on the velocities of seismic waves are used to develop the Preliminary Ref-
erence Earth Model (PREM) [117] profile where the density of any layer is given as a
one-dimensional function' of the radial distance of the layer from the center of Earth. The
PREM profile is mainly based on two empirical equations which relate the velocities of
S and P-waves with the densities of the layers inside Earth. The first one is called the
Birch’s law [123] and is valid for the outer mantle whereas the second one is known as
Adams-Williamson equation [124] that is suitable for the inner mantle and the core. The
parameters of these empirical relations depend upon temperature, pressure, composition,
and elastic properties of the layers of Earth, which give rise to uncertainties in density
distribution. The density of the mantle has a uncertainty of about 5% whereas for the
core, it is significantly larger [125-127].

The sharp change in the densities of layers results in the partial reflection and refraction
of seismic waves. Such a sudden rise in density is also observed at the CMB. In the present
work, we explore whether the matter effects in atmospheric neutrino oscillations can be
used to probe the location of CMB. We consider a simple three-layered model of Earth
which consists of core, inner mantle, and outer mantle as shown in the right panel of
figure 1. The core is present up to a radial distance of 3480 km from the center of Earth,
the inner mantle spans from 3480 km to 5701 km, and the outer mantle is from 5701 km
to the radius of Earth. The densities of core, inner mantle and outer mantle are taken
as 11.37, 5, and 3.3 g/cm3. Note that we have not considered the crust which has much
smaller thickness as compared to the other layers.

3 Location of CMB and neutrino oscillations

3.1 Three-layered models with modified CMB locations

In the present work, we use atmospheric neutrinos to probe the location of CMB where we
explore how the matter effects in neutrino oscillations change in different modified-CMB

IThe seismological studies indicate that the departure from spherical symmetry near CMB is small.
For example, the ellipticity at CMB is about 2.5 x 1072 whereas the outer core surface topography is
within 3 km [118]. Recently, several new three-dimensional Earth models like Shen-Ritzwoller (S-R) [119],
FWEA18 [120], SAW642AN [121], CRUST1 [122], etc. have been developed. At multi-GeV energies, the
oscillation wavelength for atmospheric neutrinos is around a few thousands of km. Therefore, atmospheric
neutrino oscillations are not expected to be sensitive to such detailed features.
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Figure 2. Densities as functions of radial distance for different ways of incorporating modified
CMB in the three-layered profile of Earth. The black curves show the standard density profiles
with Romp = 3480 km. The dotted-red (dashed-blue) curves indicate the density profile in the SC
(LC) scenario, where Rcovp in decreased (increased) by 500 km. See text (section 3.1) for details
of cases I, II, and III.

Three-layered profile Radius of Layer densities (g/cm?)
layer boundaries (km) | core inner mantle outer mantle
Standard (3480, 5701, 6371) 11.37 5.0 3.3
Case-1
Smaller core (SC) (2980, 5701, 6371) 11.37 5.0 3.3
Larger core (LC) (3980, 5701, 6371) 11.37 5.0 3.3
Case-11
Smaller core (SC) (2980, 5701, 6371) 15.15 5.0 3.3
Larger core (LC) (3980, 5701, 6371) 9.26 5.0 3.3
Case-II1
Smaller core (SC) (2980, 5701, 6371) 18.11 4.51 3.3
Larger core (LC) (3980, 5701, 6371) 7.60 5.85 3.3

Table 1. Boundaries of three layers and their densities in the three-layered profile of Earth when
Rcys is modified by ARcyvp. Smaller core (SC) stands for ARcyp = —500 km, while larger core
(LC) represents ARcymp = +500 kin. The corresponding modifications of density profiles are given

by the cases I, II, IIT (see section 3.1).



sin? 2612 | sin? 03 | sin? 2013 | AmZ (eV?) | Am3, (eV?) | écp | Mass Ordering

0.855 0.5 0.0875 | 2.49x 1073 | 74x 107 | 0 | Normal (NO)

Table 2. The benchmark values of oscillation parameters considered in this analysis. These values
are in good agreement with the present neutrino global fits [53-56].

scenarios. The standard CMB radius is taken to be Rcomp(standard)= 3480 km. For
illustration, we show the modification of the CMB radius by ARcyvp = —500 km (smaller
core or SC) and by ARcyp = +500 km (larger core or LC) in figure 2. In the standard, SC,
and LC scenarios, the core spans the zenith angle range cos, < —0.84, cosf, < —0.88,
and cos 0, < —0.78, respectively. We further consider three different ways of modifying the
density profile of the Earth. We term these as three “cases”:

e Case-I: the densities of all layers of Earth are kept fixed. Note that the mass of
Earth is not constrained in this case.

e Case-II: the densities of inner and outer mantle are kept fixed, while the density of
core is modified to keep the mass of Earth invariant.

o Case-III: the density of outer mantle is kept fixed, and the densities of core and inner
mantle are modified, while keeping their individual masses invariant. It automatically
ensures that the mass of Earth is unchanged.

Note that the Case-1I is the most realistic one, since the density of the mantle is quite
well measured by the combination of gravitational and seismological studies. However, we
also analyze two dummy cases, Case-I and Case-III. In Case-I, we remove the constraint
from the mass of Earth while imposing the constraint on the density of the core, compared
to Case-II. In Case-1II, we add the constraint on the mass of the mantle but remove the
constraint on its density, compared to Case-II. This would allow us to obtain insights on
the role of these constraints. In this study, we have not taken into account the constraint
from the moment of inertia of Earth.

Table 1 presents the modified boundaries between various layers and their densities in
the SC and LC scenarios. The densities of core and mantle may change depending upon
the cases as explained above. We discuss the effect of Rcoyp modification on neutrino
oscillations in the next section.

3.2 Effect of modified CMB radius on oscillation probabilities

Atmospheric neutrinos and antineutrinos can be observed at ICAL separately in the mulit-
GeV range of energies over a wide range of baselines from about 15 km to 12757 km. The
upward-going neutrinos pass through the Earth and undergo charged-current interactions
with the ambient electrons. This coherent forward scattering results in a matter potential
Voo given by

”3] oV, (3.1)

g/cm

Voc = £V2GpN, ~ £7.6 x Y, x 1071 [



where G is Fermi coupling constant and N, is the ambient electron number density. Fur-
ther, Yo = N¢/(N,+ N,,) is the relative number density of electron inside the matter having
density p where N, and N,, denote the number densities of protons and neutrons. In this
analysis, we assume that Earth is neutral and isoscalar, which implies N,, ~ N, = N,
and Y, = 0.5. The positive and negative signs correspond to neutrinos and antineutrinos,
respectively. Due to these opposite signs, the matter effects modify the oscillation patterns
for neutrinos and antineutrinos differently. The charge identification capability of ICAL
plays a crucial role in observing these different matter effects in neutrinos and antineutri-
nos separately, which enhances the sensitivity of ICAL towards locating the CMB as we
demonstrate in our results. In the present work, we use the benchmark values of oscillation
parameters given in table 2. The normal mass ordering (NO) represents m; < mg < mg
whereas for inverted mass ordering (I0), mz < m; < mg. We implement NO vs. 10 by
taking opposite signs of the effective atmospheric mass-squared difference? Amgﬁ.

The matter effects result in a resonant enhancement in the effective value of the smallest
lepton mixing angle 613, which can become as large as 45°. This adiabatic resonance
due to f13-driven matter effects is known as the Mikheyev-Smirnov-Wolfenstein (MSW)
resonance [102-104]. For NO (I0), the MSW resonance occurs in neutrinos (antineutrinos).
For a given matter density p, the energy at which the MSW resonance occurs can be given as

Am3; cos 2013 Am3, [eVZ} cos 26013
Eres = ~ 3
2V2GrNe 7.6 x 10-14p [g/cm }

ev . (3.3)

Now, if we consider the average density of mantle to be around 4.5 g/ cm?®, then the MSW
resonance occurs at approximately 7 GeV:

4. 3 Am?
Freg ~ 7 GeV ( 5g/cm ) ( m31 ) cos 2013 . (3.4)
P

2.4 x 10~3 eV?

Therefore, the mantle-passing neutrinos feel the MSW resonance in the energy range of
about 5 to 10 GeV. On the other hand, if we consider the density of core to be about 11.3
g/ cm®, the MSW resonance in the core occurs at approximately 2.8 GeV:

3 2
Eros >~ 2.8 GeV (11'3 g/cm ) ( Ams, ) cos 2013 . (3.5)

p 2.4 x 1073 eV?

As we go along the trajectory of a core-passing neutrino, first the density increases from
mantle to core and then it decrease from core to mantle. The quasi-periodic nature of
densities along the neutrino path, combined with a sharp contrast in the densities of core
and mantle at CMB, may result in specific phase relationships between neutrino oscilla-
tion amplitudes in the core and the mantle for particular path lengths. This phenomenon
is known as the neutrino oscillation length resonance (NOLR) [105-109] or parametric
resonance (PR) [110, 111], which may enhance neutrino flavor conversions.

2The effective atmospheric mass-squared difference can be given in terms of Am32; and Am3; as fol-
lows [128, 129]
Amgg = Amgl — Amgl(cos2 012 — cos dcp sin 013 sin 2612 tan O23). (3.2)
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Figure 3. The three-flavor v, — v, survival probability as a function of neutrino energy E,. The
solid-black, dotted-red, and dashed-blue curves represent the scenarios of standard core (Rcmp =
3480 km), SC (ARcymp = — 500 km), and LC (ARcus = +500 km), respectively. The top,
middle, and bottom panels correspond to the Case-I, Case-1I, and Case-1I1I, respectively. The left
(right) panels consider the neutrino baseline L, of 11000 (11500) km. We use three-flavor neutrino
oscillation parameters given in table 2, where we assume NO and sin? 653 = 0.5.

The muon neutrino events at ICAL are contributed by both v, — v, survival as
well as v, — v, appearance channels. However, since the contribution of the survival
channel is more than 98%, here we present the effect of Rcyp modification only on the
oscillation probabilities for v, — v, survival channel. Figure 3 shows the three-flavor v,
survival probability P(v, — v,) as a function of energy for NO. The top, middle, and
bottom panels are for Case-I, Case-11I, and Case-III, respectively. We consider the baseline
of 11000 km (11500 km) in the left (right) panels. For the baseline of 11500 km, neutrinos
pass through the core for all the three scenarios — standard core (Royp = 3480 km), SC
(ARcyB = — 500 km), and LC (ARcmB = + 500 km). However, for the baseline of 11000
km, neutrinos pass through the core in the scenarios where we have standard core and the
larger core (LC). But in the scenario where we consider smaller core (SC), neutrinos do
not pass through the core for the 11000 km baseline. This feature gives rise to additional
modifications in neutrino oscillation probabilities for baselines around 11000 km and thus,
contributes to the sensitivity for locating CMB. The 6;3-driven matter resonances inside
Earth at atmospheric frequency result in significant modification of v, survival probability,
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Figure 4. Three-flavor v,, — v, oscillograms for the three-layered profile of Earth with the standard
Reup of 3480 km as shown by the vertical dotted-white lines. The left (right) panel is for neutrino
(antineutrino). We use the three-flavor neutrino oscillation parameters given in table 2, where we
assume NO and sin? 655 = 0.5.

P(v, — v,). The curves corresponding to SC and LC scenarios have different patterns
with respect to each other for a given case and baseline. The oscillation patterns are also
quite different in the three cases. The deviations in oscillation patterns mostly occur in the
energy range of 3 to 6 GeV, which corresponds to the NOLR/parametric resonance. These
observations imply that the neutrinos are highly sensitive to the modification of CMB as
well as the way of modifying the density profile. Further, a comparison of the left and
right panels shows that the modifications in neutrino oscillation patterns due to RcmB
modification also depend upon the baselines through which neutrinos have passed.

3.3 Effect of modified CMB radius on oscillograms

Since the modifications in neutrino oscillation probabilities depend upon the baselines,
let us discuss the effects of modification of Rcoyp on neutrino oscillation probabilities
in the two-dimensional plane of energy and direction. First, we consider the standard
scenario of Royp = 3480 km in figure 4, where we present the three-flavor v, survival
probability oscillograms in the plane of (E,, cos#,) for NO. The standard Rcyp is denoted
by a vertical dotted-white line. The left and right panels show the survival probabilities
P(v, — v,) and P(v, — 1), respectively. In each panel, we consider the neutrino energy
range of 1 to 25GeV and neutrino zenith angle (cos#,) range of -1 to 0. Here, cosf,=
-1 (cosd, = 1) represents the upward-going (downward-going) neutrinos. The dark-blue
diagonal band which starts from (E, = 1GeV, cosf, = 0) and ends at (E, = 25GeV, cos 0,
= -1), corresponds to the first oscillation minimum, which is also known as “oscillation
valley” [130, 131]. In the left panel, the red patch around -0.8 < cos, < -0.5 and 6 GeV
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< E, < 10GeV corresponds to the MSW resonance whereas the yellow patches around
cosf, < -0.8 and 3GeV < E, < 6GeV are found to be due to the NOLR/ parametric
resonance. With NO, both these resonances are experienced only by neutrinos. As far as
antineutrinos are concerned, we do not see the MSW and the NOLR/ parametric resonance
in the right panel for normal ordering. On the other hand, for inverted ordering, this trend
is opposite, i.e., antineutrinos experience a significant amount of matter effects whereas
neutrinos do not. In this section, we will only focus on neutrino survival channel and NO.

Now, we describe how do the neutrino oscillograms modify during the modification
of CMB radius. The top, middle, and bottom rows in figure 5 present the v, survival
probability oscillograms for the Case-I, Case-1I, and Case-III, respectively. The left (right)
panels correspond to the SC (LC) scenario. The observations are as follows:

e Comparing the oscillograms in figure 5 with those in figure 4, we observe that, for
both Case-I and Case-11, significant effect on the probabilities occurs in the NOLR/

parametric resonance region.

o In the standard core scenario (left panel of figure 4), there are three yellow patches in
the NOLR/ parametric resonance region. In both Case-I and Case-II, the SC scenario
shows that one of the yellow patch is missing and the other two are shrunk. In the
LC scenario, these patches are stretched towards lower baselines.

o However, for Case-111, we see that the NOLR/ parametric resonance as well as the
MSW resonance region both are affected in the SC and LC scenarios, the effect being

more prominent for LC.

For a clear picture of the energies and baselines where the probability is affected
significantly, we present figure 6 which shows the difference between v, survival probability
for the standard Roymp and SC/LC scenario. The left and right panels show the values of
APsc and AP ¢, respectively, which are defined as

APsc = P(V,u — Vu)standard - P(V,u - VM)SC , (3'6)
APLC = P(l/u — V,u)standard — P(VM — VM)LC . (3.7)

It may be observed that the probability differences are non-zero only at the core regions for
Case-1 (top panels) and Case-II (middle panels). APsc ¢ vanishes for the mantle region
because in both these cases, the density of the mantle remains the same (see table 1). In
contrast, for the Case-III (bottom panels), the differences are significant in the core as well
as mantle.

From figures 4, 5, and 6, we can infer that the effect of Rcyp modification manifests
itself mainly at the higher baselines and lower energies. The dependence of this effect on
the zenith angle (cos#,) implies that we need a detector like ICAL with high directional
resolution to probe the position of the CMB.

4 Event generation at ICAL

The 50 kton magnetized iron calorimeter (ICAL) detector at the proposed India-based Neu-
trino Observatory (INO) [101] is going to detect the atmospheric neutrinos and antineutri-
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Figure 5. Three-flavor v, — v, oscillograms for the three-layered profile of Earth with modified
Roup. The left (right) panel is for SC (LC) with ARcyp = —500 km (4500 km). The white, red,
and cyan vertical dotted lines correspond to the standard, smaller, and larger Rcump, respectively.
The top, middle and bottom panels correspond to the Case-I, Case-II and Case-III, respectively.
We use three-flavor neutrino oscillation parameters given in table 2, where we assume NO and
sin? O3 = 0.5.
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Figure 6. Three-flavor v,, — v, survival probability difference oscillograms for the three-layered
profile of Earth. Here, APsc (APpc) in the left (right) panels denote P(v, — v,,) survival proba-
bility difference between the standard core and SC (LC) scenario with ARcyp = —500 km (4500
km). The dotted-red and dotted-cyan curves represent the CMB radius for the smaller core and
larger core, respectively. Top, middle, and bottom rows correspond to the Case-I, Case-II, and
Case-III, respectively. We use the three-flavor neutrino oscillation parameters given in table 2,
where we assume NO and sin? 055 = 0.5.
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nos separately in multi-GeV energy range and over a wide range of baselines. ICAL, with
a total size of 48 m x 16 m x 14.5 m, will have about 151 alternative layers of iron having
a thickness of 5.6 cm, with glass Resistive Plate Chambers (RPCs) [132-134] sandwiched
between the iron layers. The iron plates act as passive detector elements for the neutrino
interactions, whereas RPCs act as active detector elements. In other words, the iron plates
provide the target mass for neutrino interactions, and RPCs detect the secondary particles
like muons and hadrons that are produced during the charged-current (CC) interactions of
neutrinos with the iron nuclei. The charged particles deposit their energies in the form of
hits in the RPCs during their propagation inside the detector. The X and Y coordinates of
the hits are given by the pickup strips using the produced electronic signals. At the same
time, the RPC layer number provides the Z coordinate of the hit.

A muon in the multi-GeV energy range is a minimum ionizing particle. Hence, it can
pass through many layers, leaving a hit in each layer. These hits produced by muons form
a track-like event. The magnetic field of about 1.5 T [135] enables ICAL to distinguish
between the atmospheric neutrinos and antineutrinos by identifying the opposite curvature
of p~ and u* tracks. Further the nanosecond-level time resolution of RPCs [136-138]
helps ICAL to separately identify the upward-going and downward-going muon events. In
the multi-GeV energy range, the resonance and deep inelastic scatterings (DIS) give rise
to the production of hadrons which can deposit energy in the form of multiple hits in
the same layer of RPC, resulting into shower-like events. During neutrino interactions, a
large fraction of neutrino energy is carried away by the hadrons, which is quantified as
Evaa = E, — E,,.

In this work, we simulate the unoscillated neutrino events using the NUANCE [139]
Monte Carlo (MC) neutrino event generator with the ICAL detector geometry as a target.
The atmospheric neutrino flux at the proposed INO site [140, 141] at Theni district of
Tamil Nadu, India, is used as an input to NUANCE. The solar modulation effect on
atmospheric neutrino flux is incorporated by considering the flux with high solar activity
(solar maximum) for half exposure and low solar activity (solar minimum) for another
half exposure. A mountain coverage of about 1 km (3800 m water equivalent) at the INO
site acts as a filter to reduce the downward-going cosmic muon background by a factor of
~ 10° [142]. Further, the ICAL analysis considers the events having vertices far from the
edges and completely inside the detector to exclude the events entering from outside [101].
Therefore, the background due to the downward-going cosmic muons is expected to be
negligible. In our analysis, the statistical uncertainties are minimized by generating MC
unoscillated neutrino events for a large exposure of 1000 years for the ICAL detector. The
three-flavor neutrino oscillations in the presence of Earth’s matter effects are incorporated
using the reweighting algorithm [143-145].

In the present analysis, we incorporate the detector response for muons and hadrons as
described in refs. [146, 147]. These detector responses are obtained by ICAL collaboration
after performing a detailed GEANT4 [148] simulation of the ICAL detector [146, 147]. The
procedure for obtaining the detector response for muons has been discussed in detail in
ref. [146]. The muon detector response is simulated by passing a large number of muons
through the ICAL detector. The muon forms a track-like event while passing through
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u” events | pt events
SC LC SC LC

Case-I | 8842 | 8858 | 4032 | 4032
Case-IT | 8844 | 8862 | 4030 | 4034
Case-III | 8850 | 8876 | 4032 | 4032

Table 3. The total number of reconstructed p~ and uT events expected at the 50 kt ICAL detector
in 20 years for the cases I, II, and III. The SC (LC) scenario corresponds to ARcyp = —500 km
(+500 km). The number of reconstructed events for the standard CMB is 8850 (4032) for u~ (u™).
We use the three-flavor neutrino oscillation parameters given in table 2, where we assume NO and
sin? fa3 = 0.5.

various RPC layers. These tracks are fitted using a Kalman filter technique to obtain
the energy, direction, and charge of reconstructed muons [149]. The ICAL reconstruction
algorithm requires at least 8 to 10 muon hits to reconstruct a track. Since muon deposits
an energy of about 100 MeV in each layer of iron, the energy threshold of ICAL is about
1 GeV. Reference [146] provides the reconstruction efficiency, energy resolution, angular
resolution, and charge identification (CID) efficiency of ICAL for muons (figures 13, 11, 6
and 14 therein, respectively).

Along with the reconstruction of muons, ICAL can also retrieve information about
the hadron energy using the total number of hits in the shower-like events. The details
about the hadron energy resolution of the ICAL detector is given in ref. [147]. Since the
hadron energy resolution is much poorer than the muon energy resolution, we do not add
them to obtain neutrino energy. Instead, to exploit the measured four-momentum of muon
and hadron energy on an event-by-event basis, we employ a binning scheme having recon-
structed muon energy (E;*°), muon direction (cos 6/7°), and hadron energy (E',,q) as three
independent observables. The detector properties are folded in following the procedure
mentioned in [143—-145]. For the analysis, the reconstructed events are scaled from 1000-yr
MC to 20-yr MC. For 1 Mt-yr exposure of ICAL, we would get about 8850 reconstructed
p~ and 4032 reconstructed p events using the three-flavor neutrino oscillation for propa-
gation through the Earth’s matter considering the three-layered profile of Earth with the
standard core if the mass ordering is normal. In table 3, we present the number of recon-
structed = and T events for NO for all the three cases for SC and LC scenarios for the
exposure of 1 Mt-yr at the ICAL detector. It is important to note that the total event rate
in table 3 is almost identical for all the three cases. However, after binning these events
in the above three observables, the three cases would look quite different. This is possible
because ICAL would have good energy and directional resolutions for reconstructed muons.

Now we discuss the effect of Reyp modification on the distributions of reconstructed
muon events at the ICAL detector. In the left (right) panels of figure 7, we present the
distributions of differences between events of the standard core and that of smaller (larger)
core in the plane of (£, cos 077) for 20 years (1 Mt-yr) of exposure considering NO. For
demonstrating the difference of reconstructed event distributions with 1 Mt-yr exposure,
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we use a binning scheme® where we have 10 bins in E}5 and 20 bins in cos 8. Since for
NO, significant amount of matter effects are present for neutrinos but not antineutrinos,
we choose to present the distributions of event difference in figure 7 for p= only. The event
difference is quite small for x4+, and hence, not shown here. For Case-I and Case-II, event
differences mainly occur in the core region, although some differences can also be observed
in the mantle region due to the angular smearing originating from the difference between
the directions of incoming neutrinos and reconstructed muons. On the other hand, for
Case-111, we see significant event differences which span both the core as well as in the
mantle regions. In the next section, we describe the numerical procedure used to estimate
the median sensitivity of ICAL to probe the CMB.

5 The analysis method

5.1 Binning scheme for analysis

In this section, we present the binning scheme used for numerical analysis. From figures 6
and 7, it is clear that Rcoyp modification manifests itself mainly through the regions of
higher baselines (—1 < cosf < —0.7) and lower energies (1 < E, < 6 GeV). Therefore,
we use finer bins for this region. The optimized binning scheme is shown in table 4. We
have total 16 bins for E}* spanning in the range of 1 to 25 GeV, 39 bins for cos 6, from
-1 to 1, and 4 bins for E['S{ in the range of 0 to 25 GeV. For our analysis, only upward-
going neutrinos are relevant because they have experienced the matter effects, but we have
also included downward-going neutrinos (0 < cosf < 1) because they help in reducing
the impact of normalization errors in atmospheric neutrino events. This also includes
those upward-going (near horizon) neutrino events that result in the downward-going re-
constructed muon events due to angular smearing during the interaction of neutrinos as
well as reconstruction. We have considered the same binning scheme for y~ and u™.

5.2 Numerical analysis

To estimate the sensitivity of ICAL, a x? analysis is performed which is expected to give
median sensitivity in the frequentist approach [150]. For this analysis, we define the fol-
lowing Poissonian y2 [151] for reconstructed p~ events as considered in ref. [143]:

NE/rec NErec NcosGreC Ntheory 5
th dat dat ijk 2
tomin Y5 v - - (S ) [+ 36 6
i=1 j=1 = ijk =1

h
N;j;ory _ ”k (1 + Z 7r”k§l> ) (5.2)

*For E°, we take 5 bins of 1GeV in (1 — 5)GeV, 1 bin of 2GeV in (5 — 7) GeV, 1 bin of 3GeV in
(7—10) GeV, and 3 bins of 5GeV in (10 — 25) GeV. On the other hand, for cos};°, we choose uniform bins
with a width of 0.1 in the range of —1 to 1. Note that for analysis, we will use a finer binning scheme as

described in section 5.1.
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Figure 7. The (Efff, cos 9;85) distributions of the differences in reconstructed p~ events with the
standard and modified Reyvp. We have taken an exposure of 1 Mt-yr at the ICAL detector. In the
left (right) panels, ANgc (ANLc) denote the pu~ event differences between the standard core and
SC (LC) scenario with ARcys = —500 km (4500 km). The dotted-red and dotted-cyan curves
represent the CMB radius for the smaller core and larger core, respectively. Top, middle, and
bottom rows correspond to the Case-I, Case-1I, and Case-I11, respectively. We use the three-flavor
neutrino oscillation parameters given in table 2, where we assume NO and sin? fly3 = 0.5.
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Observable Range Bin width | Number of bins
[1, 6] 0.5 10
6, 12] 2 3
Ee (GeV) 16
[12, 15] 3 1
[15, 25] 5 2
[-1.0, -0.85] 0.0125 12
[-0.85, -0.4] 0.025 18
cos 6, 39
[-0.4, 0] 0.1 4
[0, 1] 0.2 5
[0, 2] 1 2
EleS (GeV) (2, 4] 2 1 4
[4, 25] 21 1

Table 4. The optimized binning scheme considered for the numerical analysis of the present work
for reconstructed observables E7¢, cos 67, and Ej5§ for both reconstructed p~ and wr.

Here N;ﬁf Y and N;lﬁfa correspond to the expected and observed number of reconstructed
p~ events in a given (E, cos 0%, Eye¢) bin, respectively. The quantity Niojk stands for
the number of expected events without considering systematic uncertainties. From the
binning scheme mentioned in table 4, N Bree = 16, Neos frec = 39, and NV, prree, = 4. For our
analysis, we use the well-known method of pulls [152-154] to incorporate the following five
systematic uncertainties [144, 145]: (i) 20% uncertainty on flux normalization, (ii) 10%
uncertainty on cross section, (iii) 5% energy dependent tilt error in flux, (iv) 5% zenith
angle dependent tilt error in flux, and (v) 5% overall systematics. The pull variables of

systematic uncertainties are denoted by & in eqgs. (5.1) and (5.2).

The X%r for reconstructed T events is also obtained by following the same procedure.
The separate contributions of both x2 and Xi are added to get the resultant sensitivity of
the ICAL detector, which is define as x?:

X =x2+x5 (5.3)
To simulate the MC data for our analysis, we use the benchmark values of oscillation param-
eters given in table 2 as true parameters. In the fit, we minimize x? over the pull variables
& and the relevant oscillation parameters. We vary the atmospheric mixing angle sin? fo3
in the range (0.36 — 0.66) and atmospheric mass-squared difference |AmZ;| in the range
(2.1 —-2.6) x 1072 eV2. We also minimize over both the choices of neutrino mass orderings,
NO and I0. During the fit, we do not vary solar oscillation parameters sin? 2015 and Am3;;
they are kept fixed at their true values given in table 2. For the reactor mixing angle, which
is already very well measured [53-56], we take a fixed value of sin?20;3 = 0.0875 both in
MC data and theory. We kept dcp = 0 throughout our analysis in both data and theory.
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500 kt-yr 1 Mt-yr

w/ CID w/o CID w/ CID w/o CID

Casel SC | 0.76 (0.76) | 0.50 (0.51) | 1.53 (1.53) | 1.01 (1.02)
LC | 0.72 (0.72) | 0.47 (0.48) | 1.44 (1.44) | 0.95 (0.95)

Case.Il SC | 1.27 (1.30) | 0.83 (0.84) | 2.53 (2.59) | 1.66 (1.68)
LC | 1.33 (1.33) | 0.84 (0.84) | 2.63 (2.65) | 1.67 (1.69)

CaseIII SC | 1.04 (1.06) | 0.66 (0.67) | 2.09 (2.12) | 1.33 (1.35)
LC | 4.06 (4.18) | 2.63 (2.69) | 8.07 (8.34) | 5.23 (5.37)

Table 5. AxZ, sensitivities for the modification of Romp by £ 500 km for all three cases with
an exposure of 500 kt-yr (10 years) and 1 Mt-yr (20 years). For the numbers without parentheses,
the AxZ,p minimization has been performed by varying test values of sin? @3 and Am?2; over
their current uncertainties, and taking both mass orderings NO and IO. The numbers given in
parentheses correspond to a fixed-parameter scenario where we do not marginalize over oscillation
parameters in the fit. The results in the second and fourth (third and fifth) columns are with
(without) charge identification. For simulating MC data, we use three-flavor neutrino oscillation
parameters given in table 2, where we assume NO and sin? 63 = 0.5.

6 Results

In this section, we present the statistical significance of the ICAL detector to probe the
location of the core-mantle boundary. For numerical analysis, we simulate the MC data
assuming the three-layered profile as a true profile of the Earth with standard core. We
quantify the statistical significance of the analysis for measuring the position of CMB in
the following way:

Axéyps = X2 (modified Royp) — x?(standard Rous) (6.1)

where x?(modified Royp) and x?(standard Rcyg) is calculated by performing a fit to
the MC data with the modified and standard Rcyp, respectively. Here, we calculate the
Asimov sensitivity representing the median AX2CMB in the frequentist approach where the
statistical fluctuations are suppressed such that x?(standard Rcyg) ~ 0.

In table 5, we present the Ax%MB sensitivity with an exposure of 500 kt-yr and 1 Mt-yr
for all three cases in the SC (Royp = 2980 km) and LC (Rcevmp = 3980 km) scenarios. It is
apparent from table 5 that the ICAL detector is sensitive to modification of Rcyp by 4 500
km with a statistical significance of more than 1o for all the three cases with an exposure
of 1 Mt-yr and the CID capability of ICAL detector plays a crucial role in achieving these
sensitivities. Comparing the numbers which are given with and without parentheses in
table 5, we learn that the impact of marginalization over oscillation parameters in the fit
is negligible in our study.

In figure 8, we present the sensitivities of the ICAL detector while modifying Rcmp
in smaller steps of 50 - 100 km up to ARcyp = + 1000 km with respect to the standard
Rcoyvp of 3480 km. The figure shows that the ICAL detector would be able to measure
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Figure 8. The median Ay, sensitivities as functions of the location of CMB. The red, green,
and blue curves represent Case-1, Case-11, and Case-I11, respectively. The Ax2,p minimization has
been performed by varying test values of sin? 6,3 and Amgff over their current uncertainties, and
taking both mass orderings NO and IO. The results correspond to 1 Mt-yr exposure with charge
identification capability of ICAL. For simulating MC data, we use three-flavor neutrino oscillation
parameters given in table 2, where we assume NO and sin? 653 = 0.5.

the location of CMB at 1o with a precision of about + 380 km, + 250 km, and + 120 km
for Case-I, Case-II, and Case-III, respectively. We can observe that the sensitivities are in
general increasing as we go from Case-1 to Case-II and Case-III. Note that Case-II is the
most realistic one as mentioned earlier. Needless to mention that the CID capability of
ICAL plays a crucial role to achieve this precision in locating Rcyp. For an example, in
the absence of CID, the 1o precision for Case-II would be around =+ 330 km.

The most striking feature is the asymmetry and non-monotonic behavior observed in
AxéMB about the standard Rceyp value in Case-I1 and Case-II1. This turns out to be the
effect of NOLR/ parametric resonance as explained in appendix A. We also evaluate the
sensitivity for the 81-layered PREM profile for Case-II in appendix B. We find that the 1o
precision on Rcyp is about 4+ 350 km.
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7 Summary and concluding remarks

Understanding the detailed internal structure of Earth is an active field of research. This
quest has been pursued traditionally using gravitational measurements and seismic studies.
In recent times, neutrinos have emerged as important messengers to achieve this goal of
multi-messenger tomography of Earth. For example, geoneutrinos can shed light on the
composition and energy budget of Earth. The oscillations of atmospheric neutrinos at
GeV energies and their absorption at TeV-PeV energies deep inside the Earth can provide
complementary information on density profile and composition of Earth. We start by
discussing how the information about the interior of Earth is obtained indirectly using
gravitational measurements and seismic studies, and focus on how neutrinos can provide
complementary information through their weak interactions.

While passing through different regions inside Earth, the multi-GeV atmospheric neu-
trinos experience the Earth’s matter effects due to interactions with ambient electrons.
These matter effects depend upon the density of electrons and alter the neutrino oscillation
probabilities. In particular, neutrinos with energies 6-10 GeV experience MSW resonance
while passing through mantle. The core-passing neutrinos with energies 3—6 GeV may also
experience the neutrino parametric/ oscillation length resonance (NOLR) which depends
upon the density jump at the core-mantle boundary (CMB) and its location. These effects
make the neutrino signal at atmospheric neutrino detectors sensitive to the density profile
of Earth. In the present work, we explore the effect of changing the radius of the CMB with
respect to its standard value, Royp = 3480 km, on the neutrino oscillation probabilities,
and calculate the sensitivity of the ICAL detector at INO for measuring the CMB location.

We perform our analysis in the approximation of three-layered profile of Earth: core,
inner mantle and outer mantle. While exploring the effect of changing CMB location,
we consider the modification of the density profile of Earth in three ways. In Case-I, we
modify Rcoyp while keeping the density in each layer constant; the total mass of Earth is
not constrained. In Case-II, we modify Rcyp and allow the density of core to modify such
that the Earth’s mass remains the same. In Case-I1I, we modify Rcyp and the densities
of core and inner mantle such that the masses of core and inner mantle, and hence that of
Earth, are not affected. For each case, we consider two scenarios: SC (smaller core with
ARcvp = —500 km) and LC (larger core with ARcyvp = +500 km). For these scenarios,
we observe that the effect of modification in Rcyp manifests itself mainly for core-passing
neutrinos in the NOLR /parametric resonance region. Moreover, for Case-I11, these effects
can also be seen in the MSW resonance region. The good direction and energy resolution
of ICAL enables it to preserve these features at the level of reconstructed muons.

We estimate the sensitivity of ICAL for measuring the position of CMB in the three
cases described above. To determine the precision on the location of CMB, we simulate
the prospective data with the standard Rcyp and calculate Ax? when the data are fitted
with modified Romp values. We observe that the sensitivity is significantly enhanced by
the charge identification capability of ICAL, but not affected much by the uncertainties in
oscillation parameters. The ICAL detector would be able to measure the location of CMB
at 1o with a precision of about + 380 km, + 250 km, and + 120 km for Case-I, Case-II, and
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Case-III, respectively. For Case-II, we also perform the sensitivity study for locating CMB
using the 81-layered PREM profile, and find the 1o precision of about £ 350 km. Note
that Case-1II is the most realistic one, since it is based on the assumption that the density
of mantle is known from seismic studies and the total mass of Earth is well measured from
gravitational probes.

Also, we find that the sensitivity is not symmetric about the standard Rcyp when we
go to smaller or larger core radii. At large values of |ARcyp| in Case-1T and Case-111, the
value of Ax? is not even monotonic. This a real physical effect, the origin of which may
be traced to interesting interference effects in the NOLR/ parametric resonance region. As
a result of this, larger core radii would be more constrained as compared to smaller core
radii using atmospheric neutrino oscillation data.

In this study, we have found that the NOLR/ parametric resonance effects play a crucial
role in measuring the radius of the CMB. Note that the NOLR/ parametric resonance comes
into picture because of the contrast in the density of core and mantle, and specific relation
between oscillation phases gained by neutrinos during their travel in mantle and core. Such
quantum mechanical effects are possible with neutrino oscillations where details of phase
change along the neutrino path are important, but not with neutrino absorption where only
the integrated matter profile encountered along the path is relevant. Therefore, neutrino
oscillations have a great potential for probing the internal structure of Earth, owing to the
current precision of neutrino oscillation parameters.

The large amount of data from the next-generation atmospheric neutrino experiments
like ORCA, IceCube/DeepCore/Upgrade, Hyper-K, DUNE, and P-ONE will significantly
enhance the prospects of neutrino oscillation tomography of Earth. Over time, this data
will augment the gravitational measurements and seismic studies to give us a clearer pic-
ture of the internal structure of Earth. Since neutrino oscillations are sensitive to the
electron number densities, as opposed to the gravitational and seismic measurements that
are sensitive to the baryonic number densities and material properties of the Earth’s in-
terior, neutrino data will provide independent and complementary information to these
traditional probes.
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A Asymmetric effects with smaller and larger core

While showing our results in section 6, we have observed in figure 8 that AxéMB is asym-
metric about the standard Ry value in Case-II and Case-II1. It also shows non-monotonic
behavior at smaller test values of Rcyp. In this appendix, we demonstrate the possible
origin of these effects at the probability level in the context of Case-II using figures 9
and 10, which show the possible impact of smaller and larger core on three-flavor v, — v,
oscillograms.

In figure 9, we present v, — v, oscillograms for smaller core radii with ARcvp =
(—200, —400, —600, —800,—1000) km. Note that as Rcmp decreases (core becomes
smaller), the oscillograms show changes in the energy range of ~ 3 to 15GeV for core-
passing neutrinos. We observe that the oscillation patterns for core-passing neutrinos get
compressed towards cosf, = —1. Moreover, the oscillations in the NOLR/ parametric res-
onance region becomes more rapid as the core becomes smaller. This oscillatory behavior
explains the non-monotonic nature of AxéMB for smaller core.

In figure 10, we present v, — v, oscillograms for larger core radii with ARcyp =
(4200, 4400, 4600, 4800, +1000) km. Here also, as Rcyp increases (core becomes larger),
we see changes in the oscillograms in the energy range of ~ 3 to 15 GeV for core-passing
neutrinos. However, here, the oscillation patterns for core-passing neutrinos get stretched
towards smaller |cos@,| values. For ARcyp 2 400 km, the oscillatory behavior in the
NOLR/ parametric resonance region becomes smooth, which accounts for the monotonic
behavior of AxZ,s at larger core radii.

As a result of the above-mentioned differences between oscillation patterns for smaller
and larger core radii, the values of AXQCMB are not symmetric about ARcyg = 0 km, i.e.,
about the standard Rcyp. The same observations described above for Case-I1 also hold
for Case-III.

B Sensitivity study using the 81-layered PREM profile

Throughout the paper, we have considered a simple three-layered density profile of Earth
to estimate the sensitivity of an atmospheric neutrino experiment like ICAL for locating
Rcowmp. In this appendix, we explore the effect of going to a more detailed density profile on
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Figure 9. Possible impact of smaller core radii on three-flavor v, — v, oscillograms for the
three-layered profile of Earth. The oscillograms are shown for Royp = 3480 ki + ARcvp where
ARcvp = (0,—200, —400, —600, —800, —1000) km, with the density profile modified according to
Case-II. We use three-flavor neutrino oscillation parameters given in table 2, where we assume NO
and sin? 0a5 = 0.5.
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Figure 10. Possible impact of larger core radii on three-flavor v, — v, oscillograms for the
three-layered profile of Earth. The oscillograms are shown for Royp = 3480 ki + ARcvp where
ARcvp = (0,4200, +400, 4600, 4800, +1000) km, with the density profile modified according to
Case-II. We use three-flavor neutrino oscillation parameters given in table 2, where we assume NO
and sin? 0a5 = 0.5.
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Figure 11. The left panel shows densities as functions of radial distance for modified Rcyp in
the 81-layered PREM profile for Case-II. The black curve shows the standard density profile with
Rovp = 3480 km. The dotted-red (dashed-blue) curve indicates the density profile in the SC
(LC) scenario, where Royp is decreased (increased) by 500 km. The right panel shows the median
AxZ\p sensitivities as functions of the location of Reap for Case-I1. The green and black curves
correspond to the sensitivities for the simple three-layered profile and the 81-layered PREM profile,
respectively. All the oscillation parameters are kept fixed while evaluating AX%MB' The sensitivities
correspond to 1 Mt-yr exposure where the charge identification capability of ICAL has been used.
For simulating the MC data, we use three-flavor neutrino oscillation parameters given in table 2,
where we assume NO and sin® 653 = 0.5.

this sensitivity. We take the Earth density to be according to the 81-layered PREM profile,
where the density is interpolated/extrapolated using polynomial functions [117]. For the
case of modified Rconmp, the densities of all the layers in the core are scaled by the same
fraction, such that the mass of the Earth remains invariant, just like in the Case-II which
is discussed in section 3.1. The density distribution as a function of radial distance for the
81-layered PREM profile is shown in the left panel of figure 11, for ARcyp = + 500 km.

The right panel of figure 11 shows the median sensitivities of the ICAL detector in
terms of AxéMB as functions of the location of Rcoyp for Case-II. The value of Rovp is
modified in small steps of 50 - 100 km up to ARcyp = £ 1000 km with respect to the
standard Rcyp of 3480 km. Since the effects of the uncertainties of oscillation parameters
are observed to be negligible in the fit (as can be seen from table 5), we keep all the
oscillation parameters fixed in the fit while evaluating AX%MB‘ The figure shows that,
with the 81-layered PREM profile, ICAL would be able to measure the location of Rcup
at 1o confidence level with a precision of about £ 350 km. With the simple three-layered
profile, this precision was about 4250 km. One of the major reasons for this is the decrease
in the density jump at Roymp in the 81-layered PREM profile.
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