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Observing matter effects in atmospheric neutrinos traveling through the entire mantle and core of the
Earth is a promising way of enhancing our understanding of Earth’s density structure. In that context we
study the prospects of Earth tomography with the ICAL detector at the India-based Neutrino Observatory.
While this experiment is smaller in size in comparison to some of the other larger detectors being proposed,
it is the only planned neutrino experiment with charge-identification sensitivity. In particular, ICAL can see
matter effects separately in neutrinos and antineutrinos. This has been seen to enhance ICAL’s sensitivity to
earth matter effects and hence the mass ordering sensitivity for both normal and inverted mass orderings. It
is therefore pertinent to see if the ICAL sensitivity to earth tomography is competitive or better with respect
to other experiments, especially for the inverted mass ordering, where other experiments suffer reduced
sensitivity. We present the sensitivity of ICAL to earth tomography by taking into consideration both the
Earth’s mass constraint as well as the hydrostatic equilibrium constraints.
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I. INTRODUCTION

Knowing and understanding our own planet remains one
of humankind’s biggest challenges. In particular, there is a
great deal of on-going effort to understand the density
structure of the Earth. Today the best understanding in this
area comes from seismology—the study of earthquakes and
the corresponding seismic waves that they create. The
motion of the seismic waves depends crucially on the
density structure of the Earth, hence, seismology has
managed to provide us with a reasonable understanding
of Earth’s interior. Data is collected at several seismo-
graphic stations across the surface of the Earth. Since the
speed of the seismic waves depends on the distance
between these stations as well as the density of matter
that they cross, a careful comparative analysis of this
collective data can be directly used to constrain Earth’s

density profile. The best-known density model of the Earth
obtained to date using seismological data is called the
preliminary reference Earth model (PREM) density profile
[1]. This model divides the Earth into various regions or
zones. Broadly, Earth can be divided into the core, mantle
and crust, with finer layers in each of these divisions. The
density in each of these layers is given by the PREM
profile. However, there remains uncertainties in these
density estimates, with the uncertainty in density in some
layers being significantly higher than some others. In
general, the density in the deeper layers has a larger
uncertainty than the outer layers.
While efforts are on to get a better understanding of

Earth’s density profile via seismology, it is pertinent to ask
if one could cross-check Earth’s density profile using other
complementary methods. Neutrino physics can provide
such a complementary approach. Neutrinos are a probe for
the density of matter through which they travel in two
different ways. Neutrinos interact with matter via W and Z
boson mediated weak interactions. The neutrino interaction
cross section increases with neutrino energy, becoming
sizeable at the TeVenergy scale. Interactions of high energy
neutrinos with the ambient Earth matter results in the
attenuation of the neutrino flux. Since the resultant attenu-
ation depends on the density of matter, measurement of this
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attenuation can be used to measure the average Earth matter
density along the neutrino path length. This method can be
used at neutrino telescopes such as IceCube [2,3] and
KM3NeT ARCA [4] to determine Earth’s density profile.
The second way neutrinos can probe the Earth density is
via neutrino oscillations. This is the subject of study in
this work.
Neutrino oscillations have been observed and confirmed

in a myriad of neutrino experiments. The neutrino oscil-
lation parameters have been measured to a reasonable
precision. Only the few last remaining pieces of this puzzle
remain to be discovered and/or confirmed. Existence of CP
violation in the lepton sector is one of the most important
missing puzzle pieces. The other missing piece is the octant
of the mixing angle θ23, i.e., whether θ23 < π=4 (called
lower octant (LO) solution) or θ23 > π=4 (called upper
octant (UO) solution). Finally, the last puzzle piece is the
neutrino mass ordering (MO), i.e., whether the atmospheric
mass squared difference Δm2

31 > 0 [called normal ordering
(NO)] or Δm2

31 < 0 [called inverted ordering (IO)]. Bigger
and better experiments are being proposed and built to find
these remaining pieces of the puzzle. Among these are the
next generation atmospheric neutrino experiments such as
IceCube (PINGU) [5], ORCA [4,6] and ICAL@INO [7].
These atmospheric neutrino experiments are particularly
suited to measure the neutrino MO via their ability to
observe Earth matter effects in neutrino oscillations. Matter
effects in neutrino oscillations depend on the MO as well as
density of matter. Hence, the flavor oscillations of atmos-
pheric neutrinos while traveling inside the Earth be-
come sensitive to the density of matter. Therefore, precise
measurement of matter effects in neutrino oscillations can
be used to verify the Earth matter density profile.
Prospects of Earth tomography using atmospheric neu-

trinos in multi-megaton class detectors has been performed
earlier for IceCube (PINGU) [8,9], ORCA [8,10] and
DUNE [11,12] detectors. In [8,13] the author studies the
prospects of earth tomography in PINGU and ORCA and
concludes that the density measurements in the lower
mantle region can be performed to a few percent level.
Ref. [10] further improves this analysis in the context of the
ORCA detector and makes a thorough sensitivity study of
Earth tomography. They include Earth mass constraints and
hydrostatic equilibrium and show that the density in the
outer core (mantle) can be measured to −18%=þ 15%
(−6%=þ 8%) level. They also look at the impact of
systematic uncertainties on the sensitivity of ORCA. In
Refs. [14,15] the authors look at the prospects of confirm-
ing the existence of the core using atmospheric neutrinos in
ICAL@INO [7]. Density of the core and the core-mantle
boundary can also be probed at the upcoming DUNE
experiment [12]. In [16] authors show the prospects of
Earth tomography using a single baseline. In this work we
look at the prospect of performing Earth tomography using
the atmospheric neutrino experiment ICAL@INO. We take

the PREM profile as the reference density model of the
Earth and study the sensitivity of ICAL@INO to deviations
from PREM. We present our results as a function of the
percentage change that ICAL@INO can confirm with
respect to the PREM profile. We consider three different
cases in our studies. We start with a simple approach where
we calculate the sensitivity of ICAL@INO to Earth mass
density in the mantle and core regions without any other
constraint imposed. We next study the case where the Earth
mass constraint is imposed by compensating an increase
(decrease) in a given layer of Earth by a corresponding
decrease (increase) in all the other layers such that the total
mass of the Earth does not change. Finally, we take into
account the fact that not all layers are equally uncertain and
constrain the compensation accordingly. In all the cases we
study the impact of systematic uncertainties on the sensi-
tivity of ICAL@INO. We also take into account the
condition for hydrostatic equilibrium of the Earth.
The papers is organized as follows. We begin in Sec. II

by discussing the Earth density model and the three
different cases that we consider for analyzing the Earth
density model. In this section we also present the impact of
the variations to the PREM profile on the relevant neutrino
oscillation probabilities. In Sec. III we present in details our
analysis methodology, where we provide details of the
ICAL@INO experiment, the atmospheric neutrino fluxes,
the simulation tools, the oscillation framework and the
statistical analysis method. In Sec. IV we present our
results. Finally, we summarize our results and conclude in
Sec. V along with a comparison with other experiments.

II. EARTH DENSITY MODEL

The neutrino oscillation probabilities are calculated by
using the Hamiltonian

H≡ UMU† þ Ve; ð1Þ

where U is the PMNS mixing matrix [17], M is 3 × 3

neutrino mass squared matrix M ¼ diagð0;Δm2
21;Δm2

31Þ,
and Ve is the 3 × 3 matrix containing the effective matter
potential coming from coherent forward scattering of neu-
trinos with electrons in the ambient matter, with
Ve ¼ diagð� ffiffiffi

2
p

GFNAρ;0;0Þ, where NA is the Avogadro’s
number and ρ is the density of matter. For neutrinos the
matter potential takes the positive sign, while for antineu-
trinos the matter potential comes with the negative sign. In
this work we use the convention Δm2

ij ¼ m2
i −m2

j . As a
result, neutrino oscillations are modified when neutrinos
travel in matter. The effective potential depends on the
density of matter in which the neutrinos are traveling.
Neutrinos (and antineutrinos) with energy around
5–10 GeV, traveling through the Earth can undergo large
matter effects which change their oscillation probabilities.
The size of these changes depends on the density of matter
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through which the neutrinos travel and energy of the
neutrinos, and are different for neutrinos and antineutrinos,
depending on the neutrino mass ordering. Atmospheric
neutrinos and antineutrinos fluxes are significant in the
energy range of few MeV to 10 TeV, and come from all
directions aka, all zenith angles. Neutrinos from different
zenith angles traverse different density layers of theEarth and
hence experience different matter effects. ICAL@INO can
separately see νμ (μ−) and ν̄μ (μþ), as a function of muon
energy and muon angle. In addition, it can observe the
corresponding hadrons produced in the charged current
event. This enables ICAL@INO to observe earth matter
effects rather efficiently. Thus, measurement of the earth
matter effects as a function of energy and zenith angle at
ICAL@INO can be effectively used to study the density
structure of our Earth.
For our reference density structure of the Earth we use

the Preliminary Reference Earth Model (PREM) [1] profile.
In the PREM model, Earth is broadly divided in seven
major parts: (1) crust d < 30, (2) lower lithosphere
30 < d < 400, (3) upper mesosphere 400 < d < 600,
(4) transition zone 600 < d < 800, (5) lower mesosphere
800 < d < 2890, (6) outer core 2890 < d < 5150 (7) and
inner core 5150 < d < 6371, where d is the depth inside
Earth, measured in km. The density varies within each of
these layers and in our analysis we have taken that density
variation into account by subdividing Earth into 26 layers,
each with a fixed density given by the PREM profile. This
gives an excellent simulation of the full PREM profile. It is
known [8,10] and we have checked that the sensitivity of
atmospheric neutrinos to the density of the crust, lower
lithosphere, upper mesosphere, transition zone and inner
core is rather poor. Therefore, throughout this work we
discuss density changes in two major Earth zones—the
outer core (2890 < d < 5150) and the lower mesosphere
which we will call broadly mantle (800 < d < 2890),
where d is the depth inside Earth measured in km.
We use our simulation code, as described in the next

section, to simulate the data in ICAL corresponding to the
reference PREM profile. This simulated data is then fitted
by changing the Earth’s density in the theory. We work with
three different scenarios for the theory, which we label as
case I, case II, and case III, described below. For cases II
and III we also impose the condition of hydrostatic
equilibrium of the Earth by demanding that the following
inequalities should always hold.

ρmax
man ≤ ρmin

OC and ρmax
OC ≤ ρmin

IC ; ð2Þ

where ρmax
man and ρmax

OC are the maximum density inside the
mantle (man) and outer core (OC), respectively, while ρmin

OC ,
ρmin
IC are the minimum density inside the outer core and
inner core (IC), respectively.

A. Case I

We begin with the simplest case where we change the
density in a given region, outer core or mantle by a constant
factor x%without any other consideration. In particular, we
do not take into account the fixed mass of the Earth and/or
conditions needed for its hydrostatic stability. This naive
case, even though not absolutely correct, is meant to give us
an understanding of how density changes in a given
individual layer independently affects the neutrino oscil-
lation probabilities.
In top panel of Fig. 1 we show the density profile of the

Earth for this case as a function of the radial depth d in km.
The green line is for the reference PREM profile while the
blue and the red lines are the density profiles with −10%
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FIG. 1. Panel (a) shows the change in density of mantle
according to case I. Panel (b) shows the effect of density change
on the survival probability via ΔPνμνμ ¼ PPREM

νμνμ − PnewPREM
νμνμ for

NO and neutrinos, where newPREM corresponds to density
modified case. Panel (c) is the same as panel (b) but for IO and
antineutrinos.
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and þ10% change of density in the mantle, while the
density of the inner and outer core are kept fixed at their
reference PREM values. The middle [for neutrinos and
normal ordering (NO)] and bottom [for antineutrinos and
inverted ordering (IO)] panels of Fig. 1 show how the
survival probability Pμμ changes when we change the
density in the mantle by þ10%. The change ΔPμμ in these
panels are shown as a function of the neutrino path length L
in km and neutrino energy E in GeV. L is related to the
zenith angle θz by the following relation

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþ L0Þ2 − ðR sin θzÞ2

q
− R cos θz; ð3Þ

where R is the radius of earth and L0 is the height of
atmosphere.
Note that the largest changes in the probability occur for

neutrinos and antineutrinos with longer trajectories, i.e.,
those that cross the core as well as the mantle. We find that
these changes occur for all energies less than 15 GeV, but
the most prominent change happens around 2–10 GeV. The
black dashed vertical line shows the L corresponding to the
neutrino trajectory that touches the boundary between
the outer core and the mantle, while the red dashed vertical
line shows the L corresponding to the neutrino trajectory
that crosses the boundary between the lower mesosphere
and transition region.
The three panels of Fig. 2 show similar results, but this

time for reference PREM and �10% change of density in
the outer core, keeping the density in all other layers fixed
at their reference PREM value. We note that the color map
shows significantly more “islands” in the middle and
bottom panels for this case. This implies that better energy
and angle resolutions and finer binning of data would be
more crucial for this case as compared to the case for the
mantle.

B. Case II

When we change the layer density by �x% with respect
to the PREM profile, we effectively change the mass of the
Earth. The mass of the Earth is known to much better
precision as compared to its density profile. In our analysis
here for this case, we take the Earth mass to be fixed.
Therefore, when we increase (decrease) the density in any
given layer, we must decrease (increase) the density in
some other layers such that the mass of the Earth remains
constant. In order to quantify this we do the following. We
consider that the density in the three layers—inner core,
outer core and mantle could change, while the density of all
the other layers of the Earth is kept fixed. So the Earth mass
is given by

MEarth ¼
X
i

Viρi þ
X
j

Vjρj þ
X
k

Vkρk þMfixed; ð4Þ

where i, j and k are labels for the three regions, ρi, ρj and ρk
are the densities of the individual layers in each of these
regions and Vi, Vj and Vk are the corresponding volumes
of the individual layers. The last term Mfixed is the mass of
the Earth in the layers whose density is taken as fixed. If we
change the density by x% in any one region, say the region
marked by i, it increases the Earth mass. In order to make
the Earth mass constant we need to decrease the density of
the other two regions. For simplicity we assume that the
density change in the other two regions are the same, given
by y% according to the following rule,

MEarth ¼ ð1þ xÞ
X
i

Viρi þ ð1þ yÞ
�X

j

Vjρj þ
X
k

Vkρk

�

þMfixed: ð5Þ
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FIG. 2. The panels shown here are the same as in Fig. 1 but for
density change in OC for case I.
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Which gives y in terms of x as follows,

y ¼ −
x
P

i ViρiP
j Vjρj þ

P
k Vkρk

: ð6Þ

In Figs. 3 and 4 we show plots similar to Figs. 1 and 2 but
for the case II where we keep the Earth mass fixed. In the
top panel of both figures we can see that the densities in all
layers of the earth get altered. In the top panel Fig. 3, when
the mantle density decreases (increases) the inner and outer
core densities increase (decrease). Similarly, in the top
panel of Fig. 4, when the outer core density decreases
(increases) the mantle and inner core densities increase

(decrease). One can also note from Figs. 3 that a small
density change in the mantle induces large density changes
in the core. One the other hand Figs. 4 shows that a density
change in the outer core induces a larger density change in
the inner core and a smaller density change in the mantle.
The middle and bottom panels of Figs. 3 and 4 should be
compared with the middle and bottoms panels of Figs. 1
and 2. We see that compared to case I, for case II the effect
of the density change on the oscillation probabilities has
increased. For instance comparing middle panels of Figs. 1
and 3 shows that there are two ways in which the effect of
the density change on the probability has increased—first,
the probability change is now over a much wider range of
zenith angle and second, even in the zenith angle range
−1 < cos θ < −0.4 the jΔPνμνμ j is larger. The same is true
for the bottom panels. The same is true for the outer
core case.
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FIG. 3. Panel (a) shows the change in density of mantle
according to case II. Panel (b) shows the effect of density change
on the survival probability via ΔPνμνμ ¼ PPREM

νμνμ − PnewPREM
νμνμ for

NO and neutrinos, where newPREM corresponds to density
modified case. Panel (c) is the same as panel (b) but for IO and
antineutrinos.
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FIG. 4. The panels shown here are the same as in Fig. 3 but for
density change in OC for case II.
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C. Case III

In case II, when we change density in any given layer, we
make complimentary changes in all layers by the same
amount, to compensate for the fixed mass of the Earth. But
this is not exactly realistic. This is because not all layers of
the Earth have the same uncertainty in their current
measurements. In general, the density measurements in
the deeper layers is more uncertain than the outer layers of
the Earth. In particular, the outer regions are in general
better studied and better understood via seismology, and
hence the density in these regions suffers from fewer
uncertainties. In our analysis for case III, we take d >
2200 km as the inner regions where density measurements

are taken to be uncertain. This essentially implies that we
break the mantle into the outer mantle region, where the
density of the layers is taken to be fixed, and an inner
mantle region where the density is taken as variable.
Therefore, in this case, the three regions of relevance to
our discussion are the inner core, the outer core and the
inner mantle. Hence, in this case when we change the
density in a given region by x%, we compensate for
the fixed Earth mass by changing the density elsewhere
by y%, but now only for the layers in the inner core, outer
core and inner mantle are changed. The relation between x
and y is still given by a relation similar to Eq. (6) but where
the three relevant layers for compensation are only the inner
core, outer core and inner mantle.
We show the density change for inner mantle and outer

core in the top panels of Figs. 5 and 6, respectively. A
comparison of the case III figures with the ones presented
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FIG. 5. Panel (a) shows the change in density of mantle
according to case III. Panel (b) shows the effect of density
change on the survival probability via ΔPνμνμ ¼ PPREM

νμνμ −
PnewPREM
νμνμ for NO and neutrinos, where newPREM corresponds

to density modified case. Panel (c) is the same as panel (b) but for
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FIG. 6. The panels shown here are the same as in Fig. 1 but for
density change in OC for case III.
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earlier for cases I and II will be relevant when under-
standing the expected sensitivity plots for ICAL@INO.

III. ANALYSIS METHOD

A. Experimental setup and simulation details

We give below a brief overview of our simulation
framework.
The proposed India-based Neutrino Observatory (INO)

to be built in India, will house a 50 kton magnetized
Iron CALorimeter (ICAL) [7]. In this work we refer to
this detector as ICAL@INO. The design proposal for
ICAL@INO is to have a layered structure, with 5.6 cm
thick iron slabs interlaced with resistive plate chambers
(RPCs) [7] as the active detector elements. The detector
will be placed inside a 1.5 T magnetic field, making
ICAL@INOmagnetized. This gives ICAL@INO its charge
identification sensitivity, allowing it to observe particles
and antiparticles separately. Therefore, this detector will
independently and efficiently observe νμ and ν̄μ produced
in the Earth’s atmosphere. The atmospheric νμ (ν̄μ) will
interact with the iron producing μ− (μþ) and hadron(s). The
μ− (μþ) produce long tracks in the detector, while the
hadron(s) produce a hadronic shower. Both the muon track
and the hadron shower can be observed at ICAL@INO.
The magnetic field at ICAL@INO bends the μ− and μþ in
opposite directions, allowing the experiment to record the
μ− and μþ track events separately. The length, curvature
and direction of the track can be used to reconstruct the
energy and zenith angle of the muon. The hadronic shower
can be used to measure the energy of the hadron.
Note that the effect of matter on neutrino oscillations is

greater in the νe channel as compared to the νμ channel,
making it an exciting channel for tomography studies.
However, detecting electrons in the ICAL detector is not as
simple as detecting muons. We must mention that the
possibility to detect electron neutrinos in ICAL has been
discussed. References [18,19] have proposed a design
change for the ICAL detector to suit detection of electrons.
With thinner iron plates (half of the original thickness),
ICAL can detect electron neutrinos, albeit not as efficiently
as muons. However, this will be a new detector setup and is
in its preliminary phase of study. The currently approved
detector setup essentially cannot detect elections. So, we
use only the muon channels for our analysis.
We use the Honda 3D atmospheric neutrino fluxes

computed for the Theni site in India [20]. Atmospheric
neutrino events in ICAL are generated using the GENIE
MC [21] tailored for the ICAL detector [22]. Events are
generated for 1000 years of ICAL running to reduce MC
errors and then normalized to 25 years for our analysis.
Events from GENIE are generated for unoscillated neutrino
fluxes. Relevant neutrino oscillation probabilities [23] are
then included via the re-weighting algorithm [24,25]. On
these raw Genie events we next implement the event

reconstruction efficiency, charge identification efficiency,
energy resolution and angle resolution on muon events [26]
and reconstruction efficiency and energy resolution on
hadron events [27]. The detector efficiencies and resolu-
tions that we use have been obtained by the INO collabo-
ration using the ICAL detector simulator based on the
Geant4 simulation code [28]. The reconstruction efficiency,
charge identification efficiency, energy resolution and
angle resolution of the muons vary with the muon energy
and angle [26]. These have been implemented into our
simulation framework via detailed tables provided to us by
the INO collaboration. Details of how we implement the
reweighting algorithm, muon reconstruction and charge
identification efficiencies and energy and angle resolutions
on the muon events, can be found in [24]. The details on
simulations concerning hadron events, including recon-
struction efficiency and energy resolution, can be found in
[25]. This gives us events in terms of their reconstructed
energy and reconstructed zenith angle. Themuon data is then
binned in reconstructed muon energy and reconstructed
muon zenith angle bins, while the hadron data is binned
in reconstructed hadron energy bins only. Therefore, we have
a three-pronged binned data and the binning scheme used in
this work is shown in Table I.

B. Oscillation parameters

The assumed true values for oscillation parameters used
for simulating the prospective ICAL data are given in
Table II. These values are compatible with the current best-
fit values obtained from global analysis of neutrino
oscillation data [29]. Since the value of θ23 and even its
true octant is not yet known with any significance, we show
results for three different possible true values θ23,
θ23 ¼ 42°, 45° and 49°. We also show results for both

TABLE I. The binning scheme in the three observable Eobs
μ ,

cos θobsμ , and Eobs
had used in the analysis.

Observable Range Bin width No. of bins

Eobs
μ ðGeVÞð15 binsÞ [0.5, 4] 0.5 7

[4, 7] 1 3
[7, 11] 4 1

[11, 12.5] 1.5 1
[12.5, 15] 2.5 1
[15, 25] 5 2

cosðθobsμ (21 bins) ½−1.0;−0.98� 0.02 1
½−0.98;−0.43� 0.05 11
½−0.43;−0.4� 0.03 1
½−0.4; 0.2� 0.10 2
½−0.2; 1.0� 0.2 6

Eobs
had (GeV) (4 bins) [0, 2] 1 2

[2, 4] 2 1
[4, 15] 11 1
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mass ordering (NO and IO). We used Δm2
eff in our analysis,

defined as

Δm2
eff ¼ Δm2

31 − ðcos2θ12 − cosδCP sinθ13 sin2θ12 tanθ23Þ
×Δm2

21: ð7Þ

The χ2 defined below is minimized over θ23 in the range 40°
to 51° and Δm2

eff in the range given in the Table. We have
taken δCP ¼ 0° and kept it fixed in the analysis since the
ICAL data is very weakly dependent on δCP. Δm2

21, θ13 and
θ12 are also kept fixed in our analysis at the values given in
the Table.

C. The χ 2 formula

We generate data for the PREM profile of the Earth.
Then we fit the generated data by a theory, where we
modify the Earth density profile within the schemes
discussed in the previous section. For statistical analysis
of the data we define the following test statistics

χ2 ¼ χ2μ− þ χ2μþ ; ð8Þ

where,

χ2
μ� ¼

XNEμ

i¼1

XNθμ

j¼1

XNEH

k¼1

2

�
ðT�

ijðkÞ −D�
ijðkÞÞ −D�

ijðkÞ ln
�T�

ijðkÞ
D�

ijðkÞ

��

þ
X5
l�¼1

ξ2l� ; ð9Þ

where the sum is over muon energy bins (i ¼ 1 to NEμ
)

muon zenith angle bins (j ¼ 1 to Nθμ) and hadron energy

bins (k ¼ 1 to NEH
), D�

ijðkÞ is the simulated μ� data binned

in muon energy, muon zenith angle and hadron energy bins
and T�

ijðkÞ is the corresponding systematic uncertainty

weighted prediction for a given theoretical model in the
same bin and is given as

T�
ijðkÞ ¼ T0�

ijðkÞ

�
1þ

X5
l�¼1

πl
�
ijðkÞξl�

�
; ð10Þ

where T0�
ijðkÞ gives the number of μ� events without

systematic errors in theory. We consider five kinds of

systematic errors in muons and antimuon data separately,
giving a total of 10 systematic uncertainties (πl

�
) and pulls

(ξl�). The systematic uncertainties considered are 20% flux
normalization error, 10% cross section error, 5% tilt error,
5% zenith angle error, and 5% overall detector systematic
error. These are considered separately in both μþ and μ−

channels giving a total of 10 systematic uncertainties.

IV. RESULTS

In this section we present our numerical results and
quantify how well ICAL is able to resolve the density
profile of the Earth. We present the results for the three
cases mentioned before and separately for the mantle and
outer core. In each case the data is generated for the
standard PREM density profile. This data is then fitted by
changing the density for a given case as a percentile and the
corresponding χ2 is plotted as a function of this given
percentile change.

A. Case I

We start with considering case I, which is the simplest
case where we consider percentage density variation in a
given layer of the Earth, say mantle or outer core, without
putting any other constraint on the density.

1. Mantle

Figure 7 illustrates the expected sensitivity of
ICAL@INO to the density of the mantle in case I, where
no constraint is placed on the Earth’s mass. We show results
with no systematic errors (upper plots) and with systematic
errors (bottom plots). The figures depict the χ2 as a function
of the percentage density variation in the mantle. The
results shown are for NO (blue line) and IO (red line) in
each panel. In Fig. 7, the top panels are for θ23 ¼ 42°, the
middle panels are for θ23 ¼ 45°, and the bottom panels are
for θ23 ¼ 49°.
In Fig. 7, we see that the χ2 curve is symmetric for small

percentage changes in mantle density. However, as the
density change increases, the curves become asymmetric
with respect to zero. This asymmetry is seen to be largest
for θ23 ¼ 49°. We also notice that the sensitivity for NO is
generally higher than for IO because the neutrino data is
statistically stronger than the antineutrino data. Finally, a
comparison of upper and lower panels reveals that the
sensitivity gets slightly worse with systematic uncertainties.
In Table III we show the percentage uncertainty expected in

TABLE II. Assumed true values and minimization ranges of the neutrino oscillation parameters used in the
analysis.

Δm2
21ðeV2Þ Δm2

31ðeV2Þ sin2 θ12 sin2 θ23 sin22θ13 δCP

True value 7.42 × 10−5 2.531 × 10−3 0.33 0.5 0.0875 0°
Minimization Fixed ½2.418; 2.650� × 10−3 Fixed [40°, 51°] Fixed Fixed
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FIG. 7. The χ2 as a function of percentage change in density in the mantle for case I. Red lines are for NO and blue lines are for IO.
Panel (a) is for θ23 ¼ 42°, (b) for θ23 ¼ 45° and (c) for θ23 ¼ 49°. Upper panels are for no systematic uncertainties in the analysis while
the lower panels show the χ2 including systematic uncertainties.
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FIG. 8. Same as Fig. 7 but for percentage density change in OC.
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TABLE III. The range of density variation values for which ICAL@INO is sensitivity to the Mantle density at 1σ,
2σ, and 3σ, for case I. We show these ranges for 3 choices of θ23 and for both NO and IO.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

C.L. NO IO NO IO NO IO

1σ −6.6=7.1 −8.5=8.4 −5.4=6.3 −7.6=8 −5.7=6.1 −7.5=6.8
2σ −15.5=16.4 −21=22 −13=15 −20=20 −13.3=13.4 −18.5=17.5
3σ −26=29.6 −46=49 −24=28 −46=44 −23.5=22 −50=34

TABLE IV. The range of density variation values for which ICAL@INO is sensitive to the OC density at 1σ, 2σ
and 3σ, for case I. We show these ranges for 3 choices of θ23 and for both NO and IO.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

C.L. NO IO NO IO NO IO

1σ −8.1=8.7 −11.6=10.4 −7.5=9.1 −9.6=9.4 −8.3=7.4 −9.9=7.4
2σ −29= −39= −26= −34= −23= −33=
3σ −44= −= −39= −47= −37= −46=
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FIG. 9. The χ2 as a function of percentage change in density in the mantle for case II. Red lines are for NO and blue lines are for IO.
Panel (a) is for θ23 ¼ 42° (b) for θ23 ¼ 45° and (c) for θ23 ¼ 49°. Upper panels are for no systematic uncertainties in the analysis while
the lower panels show the χ2 including systematic uncertainties. The shaded region shows the nonphysical density change when we use
the hydrostatic equilibrium condition.
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the density in mantle for case 1 within 1σ, 2σ and 3σ C.L.
For example, the first column shows that if θ23 ¼ 42°, then
ICAL@INO can determine the density of mantle with
−15.5% and þ16.4% uncertainty at 2σ C.L.

2. Outer core (OC)

Figure 8 depicts the sensitivity of ICAL@INO to the
density of the OC for case I. Similar to Fig. 7, we show our
results for both without systematic errors (upper plots) and
with systematic errors (bottom plots), for NO and IO as
well as for 3 choices of θ23. The figures show χ2 as a

function of percentage density variation in OC density
without any constraint on the Earth’s mass.
We notice features that rather different as compared to

the case with the Mantle. In particular, we see that for the
case of OC, the value of χ2 does not monotonically increase
with the percentage change in density. Instead, the value
reaches a maximum and then falls, oscillating with the
percentage change in density. We see that both the
magnitude of χ2 and the position of its maxima depends
on the value of θ23. The above is true for both NO and IO
cases. We also notice that, unlike in the case of the mantle,
the χ2 is now very asymmetric for positive and negative

TABLE V. The range of density variation values for which ICAL@INO is sensitivity to the mantle density at 1σ,
2σ and 3σ, for case II. We show these ranges for 3 choices of θ23 and for both NO and IO.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

Mantle NO IO NO IO NO IO

1σ −4.7=3.1 −6.5=4.4 −3.9=3.8 −5=4.4 −3.7=3.9 −4.25=4.2
2σ −11.9=8.7 −19.2=13.9 −10.9=8.8 −17=12.5 −9.9=8 −15=11.4
3σ −25.5=15.5 −43=21.7 −24.2=14.6 −43=20.6 −20.5=13.5 −39.6=19.7
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FIG. 10. All panels show plots of χ2 as a function of percentage change in OC density for case II. Panel (a) is for θ23 ¼ 42°, (b) for
θ23 ¼ 45°, and (c) for θ23 ¼ 49°, both without (upper plots) and with (bottom plots) systematic uncertainties in the χ2 analysis. Blue
lines are for NO and red lines are for IO. The shaded region shows the nonphysical density change when we use the hydrostatic
equilibrium condition.
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variation in density. Indeed, the χ2 is significantly lower for
positive variations as compared to negative variations in
OC density, and never even reaches χ2 ¼ 4 for any of the
θ23 cases and for both NO and IO. The χ2 is seen to be
lower for IO as compared to NO for all plots. Table IV gives
the range of density variation values for which ICAL@INO
is sensitive to the OC density at 1σ, 2σ and 3σ, for case I.
We show these ranges for 3 choices of θ23 and for both NO
and IO.

B. Case II

For the case II which we described in Sec III B, we put
the constraint that the total mass of the Earth is fixed. This

constraint therefore, propagates the effect of change of
density in one layer to all other density layers of the Earth.

1. Mantle

In Fig. 9 we present results on the sensitivity of
ICAL@INO to density of the mantle when Earth total mass
constraint is implemented and the mantle density variation is
compensated by corresponding change in all other layers of
the Earth. We consider a simplistic scenario where we make
the compensation by taking equal percentage changes in rest
of the layers. As before, we show results for without
systematic uncertainties and with systematic uncertainties,
for NO and IO, as well as for three choices of θ23.

TABLE VI. The range of density variation values for which ICAL@INO is sensitivity to the OC density at 1σ, 2σ,
and 3σ, for case II. We show these ranges for 3 choices of θ23 and for both NO and IO.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

C.L. NO IO NO IO NO IO

1σ −7.2=6.7 −8.5=8.5 −6.7=6.4 −7.4=7.4 −6.4=5.9 −6.9=5.9
2σ −16.8=19.6 −24=34 −15.8=17.7 −22=29 −14.7=16.5 −20.1=24.5
3σ −28=46 −37= −26=41 −35= −24.5=37.4 −34.5=
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FIG. 11. All three panels has plots for χ2 as a function of percentage change in density of mantle for case III (putting Earth mass
constrain in inner layers). Where (a) is for θ23 ¼ 42° (b) for θ23 ¼ 45° and (c) for θ23 ¼ 49° without (upper plots) and with (bottom plots)
systematic uncertainties in χ2 analysis.The blue line is for NO and red line for IO as a known MO case. The shaded region shows the
nonphysical density change when we use the hydrostatic equilibrium condition.
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In our analysis, the constraint on earth mass alters the
shape of the χ2 plots, as shown in Fig. 9. For mantle, we
lose symmetry in IO plots and a little asymmetry also
comes in NO plots. The χ2 values shows marked improve-
ment as compared to case I. Table V gives the range of
density variation values for which ICAL@INO is sensitive
to the mantle density at 1σ, 2σ and 3σ, for case II. We show
these ranges for 3 choices of θ23 and for both NO and IO.
We can see the improvement in the expected sensitivity of
ICAL@INO in comparison to case I.

2. OC

In Fig. 10 we present results on the sensitivity of
ICAL@INO to OC density when Earth total mass

constraint is implemented and OC density variation is
compensated with corresponding change in all other
layers of earth with equal percentage. Upper panels of
Fig. 10 are without systematic uncertainties while the
lower panels are with systematic uncertainties in the χ2

analysis. Shown as curves for both NO and IO for three
choices of θ23.
Examination of the plots in Fig. 10 shows that the χ2

increases significantly for both positive and negative
density changes of density in OC. The oscillatory part
of the positive side has turned into a steady increasing
curve. The reason for this is that increasing OC density
decreases mantle density, and we have seen that decreas-
ing mantle density gives a sharp increase in the χ2, so
adding these effects gives us a continued increase for
positive OC density change. A decrease in OC density
also results in a sharp and steady increase in χ2. Because
of the contribution from other layers, particularly the
mantle, overall χ2 values are higher than in the previous
case. Table VI gives the range of density variation
values for which ICAL@INO is sensitive to the outer
core density at 1σ, 2σ, and 3σ, for case II. We show
these ranges for 3 choices of θ23 and for both NO
and IO.

TABLE VII. The range of density variation values for which
ICAL@INO is sensitive to the mantle density at 1σ, for case III.
We show these ranges for 3 choices of θ23 and for both NO
and IO.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

Mantle NO IO NO IO NO IO

1σ −27=30 −41=34 −26=30 −34=33 −24.0=30 −32=33
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FIG. 12. All three panels has plots for χ2 as a function of percentage change in density of OC for case III (putting Earth mass constrain
in inner layers). Where (a) is for θ23 ¼ 42° (b) for θ23 ¼ 45° and (c) for θ23 ¼ 49° without (upper plots) and with (bottom plots)
systematic uncertainties in χ2 analysis.The blue line is for NO and red line for IO as a known MO case. The shaded region shows the
nonphysical density change when we use the hydrostatic equilibrium condition.
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C. Case III

In this case we take into account the Earth mass
constraint by compensating for the density change in
any given layer by suitable changes to layers only in the
“inner part” of the Earth. In particular, we change the
density of only the inner core, outer core and inner mantle
corresponding to d > 2200 km.

1. Mantle

We start by studying the expected sensitivity of
ICAL@INO to the change in density in the mantle region
for this case. The results are shown in Fig. 11 and
Table VII. We notice that the χ2 expected for this case
is considerably lower than that for case II but mildly higher
than for case I. Comparing the results in the lower and
upper panels of the figure we see that improvement in
systematics is not expected to bring any drastic improve-
ment to the sensitivity.

2. OC

The expected sensitivity of ICAL@INO to the density of
the OC for case III is presented in Fig. 12 and VIII. A
comparison of Figs. 8, 10, and 12 shows that compensation
due to Earth mass constraint has much less effect in case III
as compared to case II. This is because when we change the
density in the OC, compensation to preserve Earth mass
happens mainly in the IC for case III, while for case II we
have compensation from both the IC as well as mantle. As
stated before, density changes in the IC do not change the
probabilities much and therefore the resulting χ2 is
also lower.

V. CONCLUSION

Earth tomography is an important field in science. While
the best estimates of Earth’s density profile comes from
seismology, it is pertinent to check if complementary
information and/or cross-checks can be informed else-
where. Neutrino experiments offer a promising comple-
mentary approach to tomography. Neutrinos traveling
through Earth can get affected by the ambient Earth matter
in two ways. Very high energy neutrinos can undergo
substantial inelastic scattering via weak interactions with

the ambient particles in Earth leading to an attenuation of
the neutrino flux. Neutrino telescopes can use this as a
signal for determining the density through which the
neutrinos travel before reaching the detector. The second
way in which neutrinos can probe Earth matter density is
via matter effects in their flavor oscillations. This method
can be effectively used in atmospheric neutrino experi-
ments, since atmospheric neutrinos come from all zenith
angles, crossing the Earth from all directions, and also
experience large matter effects. In this work we quantified,
for the first time, the potential of the ICAL@INO atmos-
pheric neutrino experiment toward Earth tomography.
In this work we used the PREM profile as the reference

density structure for Earth matter density. This essentially
means that we simulated the atmospheric neutrino data at
ICAL@INO for the PREM profile. Values of oscillation
parameters compatible with the current best-fit solutions
were taken. Data was generated for 25 years of running of
ICAL. We then statistically analyzed this data with a theory
where the density was allowed to be different from the
PREM profile by a given percentile. The corresponding χ2

obtained was plotted as a function of the percentile change
in density. The change in density was done for either the
mantle or the outer core. We checked explicitly that
ICAL@INO was not sensitive to density changes in the
inner core, and hence this was not presented.
We performed this study for three different cases. We

started with showing the effect of density on the survival
probability for each of these three cases and then went on to
show the expected sensitivity of ICAL@INO to density
measurements. Case I corresponded to the situation when
the density in a given layer was changed without any other
constraint on the analysis. This case helped us understand
how sensitive the experiment will be to change in any given
layer, independent of constraints coming from density
changes in other layers. We found that ICAL@INO can
be sensitive to density changes within −5.4%=þ 6.3% in
the mantle at 1σ for θ23 ¼ 45° and NO. For the outer core
the corresponding values are −8.3%=þ 7.4% at 1σ for
θ23 ¼ 45° and NO. The sensitivity was seen to depend on
the value of θ23 as well as the mass ordering.
Case II corresponded to the situation when the density in

a given layer was changed with the constraint that the total
mass of the Earth is constant. This implies that when the
density, say in the mantle was changed by x%, then one
needs a change in density in all the other layers of the Earth
by y%, such that the mass of the Earth would still be the
same. The sensitivity of ICAL@INO to density in both the
mantle as well as outer core improved in this case as
compared to case I since in this case a given change in
density in any layer was being accompanied by corre-
sponding density changes in the other layers in order to
compensate for the constant total Earth mass. We found that
at 1σ ICAL@INO can measure the mantle density to within
−3.9%=þ 3.8% for θ23 ¼ 45° and NO. For the outer core

TABLE VIII. The range of density variation values for which
ICAL is sensitivity to the OC density at 1σ, 2σ, and 3σ, for case
III. We show these ranges for 3 choices of θ23.

θ23 ¼ 42° θ23 ¼ 45° θ23 ¼ 49°

OC NO IO NO IO NO IO

1σ −7.5=8.5 −10= −7.6=7.8 −9.8= −7.7=7.3 −9.5=9.0
2σ −19.7= −25.8= −19.6= −26= −18.6= −25.3=
3σ −33.7= / −32.6= / −32= 55.6=
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the corresponding values are −6.7%=þ 6.4% at 1σ for
θ23 ¼ 45° and NO.
Finally, we considered a softened version of Earth mass

compensation in case III, where we allowed compensatory
density changes only in the inner regions of the Earth. In
particular, density changes were allowed only in layers for
which d < 2200 km, where d is the radial depth of the
layer from the surface of the Earth. For this case the
sensitivity of ICAL@INO was seen to be intermediate
between case I and case III. In particular, we showed that
the density in the mantle could be measured within
−7.8%=þ 7.1% at 1σ for θ23 ¼ 45° and NO. The corre-
sponding expected sensitivity for the outer core was shown
to be −7.6%=7.8% at 1σ for θ23 ¼ 45° and NO. The reason
for lower sensitivity in this case as compared to case II was
discussed.
For all the cases we studied the effect of systematic

uncertainties on the expected sensitivity. We also consid-
ered the condition for hydrostatic equilibrium.
With 25 years of data taking, ICAL@INO would be

competitive with large neutrino telescopes IceCube-PINGU
and ORCA. In Table IX we present the comparative 1σ
expected sensitivity from ICAL@INO (this work),
IceCube-PINGU [3] and ORCA [10]. We can see that
ICAL@INO can be competitive despite its smaller size. In
particular, we can see that while the expected sensitivity of
both goes down significantly for IO, the sensitivity of

ICAL@INO is similar for both mass orderings, with NO
being only slightly better. The expected sensitivity for
ORCA also seems to be comparable for both mass order-
ings. This feature is true for both mantle as well as outer
core. Note that for outer core, PINGU has rather poor
sensitivity for the IO case. However, expected sensitivity of
ICAL@INO (and ORCA) are good even for this case. The
main reason why ICAL@INO can perform at a level
comparable to PINGU and ORCA, especially for IO, is
its extremely good charge identification capability from its
magnetic field. This gives ICAL@INO very good sensi-
tivity to Earth matter effects for both mass orderings and
hence the good expected sensitivity.
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