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Abstract Using PREM as a reference model for the Earth
density distribution we investigate the sensitivity of the
Hyper-Kamiokande (HK) detector to deviations of the Earth
(i) core average density ρ̄C , (ii) lower mantle average den-
sity ρ̄lman) and (iii) upper mantle average density ρ̄uman , from
their respective PREM densities. The analysis is performed
by studying the effects of the Earth matter on the oscilla-
tions of atmospheric νμ, νe, ν̄μ and ν̄e. We implement the
constraints on the variations of ρC , ρlman and ρuman follow-
ing from the precise knowledge of the Earth mass M⊕ and
moment of inertia I⊕, as well as from the requirement that
the Earth be in hydrostatic equilibrium (EHE). These con-
straints limit in the case of the three layer Earth density struc-
ture we are considering the maximal positive deviation of ρ̄C
from its PREM value to 10%. Considering the case of normal
ordering (NO) of neutrino masses, we present results which
illustrate the dependence of sensitivity to the core, lower and
upper mantle average densities on the energy and zenith angle
resolutions and on the value of θ23. We show, in particu-
lar, that in the “nominal” case of neutrino energy resolution
Eres = 30% and zenith angle resolution θzres = 20◦ and for,
e.g., sin2 θ23 = 0.45 (0.58), HK can determine the average
core density ρ̄C at 2σ C.L. after 6500 days of operation with
an uncertainty of (−14.5%)/+39.5% ((−9.3%/+31.7%). In
the ”more favorable” case of Eres = 20% and θzres = 10◦,
and if sin2 θ23 = 0.58 (0.45), the core density would be
determined at 2σ C.L. with an uncertainty of (−8.3%)/+9.8%
((−9.2%)/+11.3%).

1 Introduction

Our current knowledge of the density structure and composi-
tion of the Earth’s interior is based primarily on seismological
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and geophysical data (see, e.g., [1–9]). These data were used
to construct the Preliminary Reference Earth Model (PREM)
[10] of the density distribution of the Earth. According to the
PREM model, the Earth density distribution ρE is spherically
symmetric, ρE = ρE(r), r being the distance from the Earth
center, and there are three major density structures or lay-
ers - the inner core, outer core and the mantle, and a certain
number of substructures (shells). There are also three thin
“surface” layers just below the Earth surface - the ocean and
the two crust layers. The mantle has five shells in the model.
The mean Earth radius is R⊕ = 6371 km; the Earth inner
core (IC) and outer core (OC) have radii RIC = 1221.5 km
and ROC = 3480 km. The mantle layer is located between
the outer core and the lower crust layer, i.e., for r in the
interval RC ≤ r ≤ Rman, with Rman = 6346.6 km.

The determination of the radial density distributions in the
mantle, outer core and inner core (or core) ρman(r), ρOC(r)
and ρIC(r) (or ρC(r)) from seismological and geophysical
data is not direct and suffers from uncertainties [2–5]. It
requires the knowledge, in particular, of the seismic wave
speed velocity distributions in the interior of the Earth, which
depends on the pressure, temperature, composition and elas-
tic properties of the Earth’s interior that are not precisely
known. Perhaps a rather conservative estimate of the uncer-
tainty in the knowledge of ρman(r) is ∼ 5%; for the core
density ρc(r) it is larger and can be noticeably larger [2–5].

A precise knowledge of the Earth’s density distribution
and of the average densities of the mantle, outer core and
inner core, or the core, is crucial for understanding the phys-
ical conditions and basic aspects of the structure and proper-
ties of the Earth’s interior (including the dynamics of mantle
and core, the bulk composition of the Earth’s three struc-
tures, the generation, properties and evolution of the Earth’s
magnetic field and the gravity field of the Earth) [1,2,11,12].

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-025-14338-z&domain=pdf
http://orcid.org/0000-0002-0154-2456
mailto:cesar.jesus@cern.ch


  703 Page 2 of 15 Eur. Phys. J. C           (2025) 85:703 

Unique alternative methods of obtaining information
about the density profile of the Earth are the neutrino absorp-
tion and neutrino oscillation tomographies of the Earth. The
propagation and oscillations of the active flavour neutrinos
and antineutrinos νl and ν̄l , l = e, μ, τ , in the Earth are
affected by the Earth matter. The original idea of neutrino
absorption Earth tomography is based on the observation
that the cross section of the neutrino-nucleon interaction rises
with energy. For neutrinos with energies Eν � a few TeV, the
inelastic scattering off protons and neutrons leads to absorp-
tion of neutrinos and thus to attenuation of the initial neutrino
flux. The magnitude of the attenuation depends on the Earth
matter density along the neutrino path. Attenuation data for
neutrinos with different path-lengths in the Earth carry infor-
mation about the matter density distribution in the Earth inte-
rior. The absorption method of Earth tomography with accel-
erator neutrino beams, which is difficult (if not impossible)
to realise in practice was discussed first in [13,14] and later
in grater detail in [15–26].

The oscillations between the active flavour neutrinos and
antineutrinos, νl ↔ νl ′ and ν̄l ↔ ν̄l ′ , l, l ′ = e, μ, having
energies in the range E ∼ (0.1 − 15.0) GeV and traversing
the Earth, can be strongly modified by the Earth matter effects
(see, e.g., [27]). These modifications depend on the Earth
matter density along the path of the neutrinos.1 Thus, by
studying the effects of Earth matter on the oscillations of,
e.g., νμ and νe (ν̄μ and ν̄e) neutrinos traversing the Earth
along different trajectories it is possible to obtain information
about the Earth density distribution.

Atmospheric neutrinos (see, e.g., [35,36]) are a perfect
tool for performing Earth tomography. Consisting of signifi-
cant fluxes of muon and electron neutrinos and antineutrinos,
νμ, νe, ν̄μ and ν̄e, produced in the interactions of cosmic rays
with the Earth atmosphere, they have a wide range of ener-
gies spanning the interval from a few MeV to multi-GeV to
multi-TeV. Being produced isotropically in the upper part of
the Earth atmosphere at a height of ∼ 15 km, they travel dis-
tances from ∼ 15 km to 12,742 km before reaching detectors
located on the Earth surface, crossing the Earth along all pos-
sible directions and thus “scanning” the Earth interior. The
interaction rates that allow to get information about the Earth
density distribution can be obtained in the currently taking
data IceCube experiment [37–40] and its planned upgrade

1 More precisely, they depend on the electron number density Ne(r),
Ne(r) = ρE(r)Ye(r)/mN , Ye(r) and mN being the electron fraction
number and nucleon mass. It follows from the studies of the Earth
matter composition that Ye ∼= (0.490 − 0.496) in the mantle and Ye ∼=
(0.466−0.471) in the core (see, e.g., [28–31]). Taking into account these
uncertainties has no effect on the results on the densities of the mantle
and the core obtained in neutrino tomography studies (see, e.g.,[32]).
The relation between Ne(r) and ρE(r) can be used to obtain information
about Ye(r), i.e., the composition of the core and mantle layers of the
Earth (see, e.g., [33,34]).

[40], in the ORCA [41], Hyper Kamiokande [42,43] and
DUNE [44] experiments which are under construction, and
in the planned INO [45] experiment.

In 2018 in [32] the authors, following the idea of perform-
ing absorption neutrino tomography of the Earth with atmo-
spheric neutrinos put forward in [26], used the data of the Ice-
Cube experiment on multi-TeV atmospheric νμ and ν̄μ with
sufficiently long paths in the Earth [46] and obtained infor-
mation about the Earth density distribution. Their results,
although not very precise, broadly agree with the PREM
model. In particular, they contain evidence at 2σ C.L. that
the core is denser than the mantle. The authors used the Ice-
Cube data to “weight” the Earth with neutrinos: the value of
the Earth mass found in [32], Mν⊕ = (6.0+1.6

−1.3) × 1024 kg,
is in good agreement with gravitationally determined value
[47,48], M⊕ = (5.9722 ± 0.0006) × 1024 kg. This was the
first time the study of neutrinos traversing the Earth provided
information of the Earth interior and marked the beginning
of real experimental data driven neutrino tomography of the
Earth.

The neutrino oscillation tomography of the Earth with
IceCube, ORCA, DUNE and INO detectors is discussed
in [33,34,49–59] (the early studies include [60,61] briefly
described in [53]; see also [62]).

In the present article we investigate the possibility to
get information about the Earth density structure perform-
ing neutrino tomography of the Earth with the Hyper-
Kamiokande (HK) experiment by studying the oscillations
of atmospheric neutrinos (antineutrinos) νμ and νe (ν̄μ and
ν̄e) with different energies and pathlengths in the Earth. In
[42,43] the HK collaboration presented results on the poten-
tial of the HK experiment to determine the composition (i.e.,
the Z/A ratio) of the Earth core by using neutrino oscillation
tomography of the Earth. The Hyper-Kamiokande detector
is under construction and is foreseen to begin to take data in
2027.

The article is organised as follows. In Sect. 2 we review
basic elementary particle and geophysics aspects of the study
we perform. In particular, in Sect. 2.1 we discuss in detail
the implementation of the Earth total mass, moment of iner-
tia and hydrostatic equilibrium constraints in our analysis.
Section 3 is devoted to the analysis methodology (including
discussions of HK simulation, event selection, the employed
atmospheric neutrino fluxes, oscillation probabilities evalu-
ation, enhanced datasets generation and sensitivity calcula-
tion). In Sect. 4 we present the results of our analysis of HK
sensitivity to the Earth density structure. Section 5 contains
our conclusions.
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2 PREM input, oscillation probabilities and Earth data
constraints

We use the PREM model as a reference model of the Earth
density distribution ρE(r) and assume that the location of
the mantle-core and the outer core-inner core boundaries are
correctly described by the model. In the PREM model, as
we have already briefly discussed in the Introduction, the
Earth density distribution ρE is assumed to be spherically
symmetric, ρE = ρE(r), r being the distance from the Earth
center. The mean Earth radius is R⊕ = 6371 km; the Earth
core (C) has a radius of RC = 3480 km with the inner core
(IC) and outer core (OC) extending respectively from r = 0
to r = RIC = 1221.5 km, and from r = 1221.5 km to
r = ROC = RC = 3480 km. The mean densities of the
mantle, IC, OC and core are respectively ρ̄man = 4.66 g/cm3,
ρ̄IC = 12.89 g/cm3, ρ̄OC = 10.90 g/cm3 and ρ̄C = 10.99
g/cm3. If we include the three “surface” layers in the mantle,
as we are going to do in what follows, the mantle extends
from r = RC = 3480 km to r = R⊕ = 6371 km and the
mean density of the mantle changes to ρ̄manco = 4.45 g/cm3

(see, e.g., [63]). The change of density between the mantle
and the outer core is described by a step function.

For a spherically symmetric Earth density distribution,
the neutrino trajectory in the Earth is specified by the value
of the zenith angle θz of the trajectory. For 90◦ ≤ θz ≤
(180◦ −33.17◦), or path lengths L ≥ 10665.7 km, neutrinos
cross the Earth core. The path length for neutrinos which
cross only the Earth mantle is given by L = − 2R⊕ cos θz .
If neutrinos cross the Earth core, the lengths of the paths
in the mantle, 2Lman, and in the core, Lcore, are determined
by: Lman = − R⊕ cos θz − (R2

c − R2⊕ sin2 θz)
1/2, Lcore =

2(R2
c − R2⊕ sin2 θz)

1/2, with (180◦ − 33.17◦) ≤ θz ≤ 180◦.
Correspondingly, the neutrinos cross the core, the inner core
and the outer core for cos θz lying respectively in the intervals
[−1.00, −0.84], [−1.00,−0.98] and [−0.98,−0.84]

In contrast to seismic waves, which are usually reflected
or refracted at density jumps, neutrino oscillations are essen-
tially not sensitive to changes of density in the Earth mantle
and core taking place over distances which are smaller than
the neutrino oscillation length [62] (see also [27]) that in the
cases we are going to study is typically ∼ 500 km.2 Thus,
they are sensitive, in general, to the average densities of the
mantle (or layers of the mantle having width ∼ 1000 km), and
of the inner core and the outer core (or possibly of two layers
of the outer core (mantle) each having width ∼ 1000 km).
However, through the mantle-core interference (or neutrino
oscillation length resonance- (NOLR-) like) effect [64–66]
(see also [67–69] and references quoted therein), the neutrino
oscillations are sensitive to densities of the mantle and the

2 The estimate we quote refers to the relevant quantity, Losc/(2π), Losc
being the neutrino oscillation length.

core as well as to the difference of the densities of the mantle
and the core, i.e., to the magnitude of the density “jump” in
the mantle-core narrow transition zone. They might be sen-
sitive, in principle, also to the difference between the IC and
OC (average) densities.

The Earth matter effects in the neutrino oscillations of
interest depend on the matter potential [70–72]

V = √
2 GF Ne , (1)

which involves the electron number density Ne along the path
of the neutrinos. The relation between the Earth density and
electron number density includes the electron fraction num-
ber Ye (or Z/A factor) of the corresponding Earth structure
or layer: N (E)

e (r) = ρE(r) Ye/mN, where mN is the nucleon
mass. For isotopically symmetric matter Ye = 0.5. However,
the compositions of the Earth mantle and core are not exactly
isotopically symmetric. For the outer core, for example, dif-
ferent composition models give a value of Ye in the interval
Yoc
e = 0.466 − 0.471 (see, e.g., [1,28–31]). The value of Ye

in the mantle is closer to 0.5 [1,10]: Yman
e = 0.490 − 0.497.

In this study we will use the following default values of Ye
in the mantle and the core: Yman

e = 0.50 and Y c
e = 0.50.

The results we will obtain change insignificantly if instead
we used values of Yoc

e and Yman
e from the above quoted inter-

vals.
As is well known, for NO (IO) neutrino mass spec-

trum, the matter effects can lead to strong enhancement of
the neutrino (antineutrino) transition probabilities of interest
P(νl → ν′

l ) ≡ Pll ′ and P(ν̄l → ν̄′
l ) ≡ P̄ll ′ , l �= l ′ = e, μ,

and l = e, l ′ = τ , for neutrino energies E ∼ (6 − 10)

GeV and ∼ (3 − 5) GeV, corresponding respectively to the
resonance in the mantle [70,73] (see also [71]) and to the
mantle-core interference (NOLR) effect [64]. In our analysis
we consider all neutrino interactions in the energy interval,
E = (1−100) GeV, well covering the most sensitive range to
density dependent effects which are contained in the energy
interval E ∼ (2 − 10) GeV, and taking into account the
effects of the energy resolution.

The neutrino oscillation probabilities are calculated tak-
ing into account the variation of densities in inner core,
outer core, and the two mantle layers, so that they reproduce
the results corresponding to the variations predicted by the
PREM model. A more detail discussion is given in Sect. ??.
The neutrino oscillations parameters used as input in the cal-
culations of the probabilities are given in Table 1. At neutrino
energies Eν ≥ 2 GeV we will be interested in the effects of
�m2

21 and the Dirac CP-violation phase δ in the oscillation
probabilities are subleading being strongly suppressed. We
do not take into account the uncertainties in the determina-
tion of the neutrino oscillation parameters since their effect is
much smaller than the effects of the systematic and statistical
uncertainties accounted for in the calculations.
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Table 1 PMNS parameters used in the study, s2
i j ≡ sin2 θi j . The values correspond to the best fit point in Ref. [74] for normal neutrino mass

ordering

Ordering s2
13 s2

12 s2
23 δCP �m2

32 (10−3 eV2) �m2
21 (10−5 eV2)

Normal 0.022 0.307 0.45 −1.75 2.40 7.53

2.1 Earth total mass, moment of inertia and hydrostatic
equilibrium constraints

In order to estimate the sensitivity of the HK detector to pos-
sible deviations of the core (IC + OC) and the two mantle
layers densities from those obtained using geophysical and
seismological data and described by PREM, in the statistical
analysis we have performed we varied the density of each of
these structures, as is typically done in the neutrino tomog-
raphy studies of the Earth interior. We will assume that that
the variations and changes of ρIC, ρOC, ρlman and ρuman are
by constant r -independent factors κIC, κOC, κlman and κuman:

ρ′
i = (1 + κi ) ρi , i = IC, OC, lman, uman , κi > − 1 . (2)

In this study we will consider the case of variation of ρIC and
ρOC by the same factor:

κIC = κOC = κC . (3)

In our analysis we implemented the constraints on the
variations of ρIC , ρOC , ρlman and ρuman following from the
precise knowledge of the Earth mass and moment of inertia:
[47,48,75]:

M⊕ = (5.9722 ± 0.0006) × 1024 kg, (4)

I⊕ = (8.01736 ± 0.00097) × 1037 kg m2. (5)

The mean value of I⊕ can be related to the Earth mean total
mass and radius R⊕:

I⊕ = CG(PREM) M⊕ R2⊕ . (6)

whereCG (CPREM) is a constant determined in gravity exper-
iments (the PREM model):

CG = 0.330745 , CPREM = 0.33080 . (7)

It is well known from the seismological and geophysical
studies that in order for Earth to be in hydrostatic equilibrium
the following inequalities should always hold:

ρ′
man < ρ′

OC < ρ′
IC . (8)

In the present analysis we will require that these Earth
hydrostatic equilibrium (EHE) conditions are satisfied by

Fig. 1 A diagram of the Earth interior under study. The angle cos θ =
−1 corresponds to an up-going neutrino crossing the Earth along the
diameter before being detected

the average densities of the corresponding Earth layers,
ρ̄′
i = ρ̄i (1 + κi ).

We implement the total Earth mass M⊕ and moment of
inertia I⊕ constraints by compensating the variation of the
density in the structure of interest, for example, ρOC or ρC ,
by corresponding change of the densities in two other density
structures such that the EHE conditions are also satisfied.

It was shown in [63] that if we approximate the Earth den-
sity structure with the standard three layers – the inner core,
outer core and mantle, the M⊕, I⊕ and EHE constraints limit
severely the allowed ranges of variations of densities in these
layers. For example, κOC is constrained to lie in the interval
− 0.036 ≤ κOC < 0.01. None of the currently operating
and planned future detectors can be sensitive to such small
deviations of ρ̄OC , ρ̄IC andρ̄man from their respective PREM
values.

In our analysis we will use effectively a three-layer model
of Earth density distribution consisting in the core and two-
lower and upper-mantle layers.3 The lower mantle layer
extends from Rc = 3480 km to Rlman = 5701 km, and
has an average density ρ̄lman = 4.90 g/cm3 , while the upper
mantle one extends from Rlman = 5701 km to Rman = 6371

3 The same three-layer Earth density structure was used in the study
of the DUNE detector potential to perform neutrino tomography of the
Earth [54].
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km, having an average density ρ̄uman = 3.60 g/cm3. This
density structure is shown in Fig. 1.

Since in the case we study the mantle is divided into two
layers and κIC = κOC = κC , so that ρ̄′

OC < ρ̄′
IC is always

fulfilled, we consider the following form of the EHE condi-
tions:

ρ̄′
uman < ρ̄′

lman < ρ̄′
C . (9)

In the specific case we consider with the EHE constraints
given in Eq. (9), we implement the M⊕ and I⊕ constraints
by compensating the variation of the density of the core ρ̄C
by corresponding change of the densities in two mantle lay-
ers ρ̄lman and ρ̄uman . This is illustrated in the left panel in
Fig. 2. A given modification of the PREM density profile of
the Earth leads to a corresponding modification of neutrino
oscillation probabilities. For the case of the densities shown
in the left panel in Fig. 2 we show in the right panel of the
same figure the changes of the oscillation probabilities for
cos θz = − 1, − 0.8.

We follow the procedure described in [63]. The values of
M⊕ and MoI ≡ I⊕ are calculated by integrating the poly-
nomials describing the density distributions in the PREM
model. Using the M⊕ and I⊕ constraints we can express the
constants parametrising the deviations of the lower and upper
mantle average densities from their PREM values, κlman and
κuman . in terms of the constant κC parametrising the devia-
tion of the core (outer core) average density. Working with
ρ̄′
uman , ρ̄′

lman and ρ̄′
C we find:

κlman = flman κC , flman = − 1.43; κuman = fuman κC

fuman = 2.070 . (10)

We remark that if we use ρ̄′
OC instead of ρ̄′

C we obtain some-
what different values of flman and fuman : flman = − 1.539
and fuman = 2.425. Thus, in both cases in order to compen-
sate the variation of the density in the core, the density should
be increased in one of the mantle layers and decreased in the
second mantle layer.

In the case of κC < 0, the relevant EHE constraint in
Eq. (9) is ρ̄lman(1 + κlman) < ρ̄C (1 + κC ). Using the rela-
tion between κlman and κC in Eq. (10) and the values of
ρ̄lman and ρ̄C , one can show this constraint is satisfied for
κC > − 0.335. This in turn implies that κlman < 0.482 and
κuman > − 0.693. Summarising, in the case of κC < 0, the
M⊕, I⊕ and the EHE constraints (9) lead to:

κC > − 0.335 , κlman < 0.482 , κuman > − 0.693 (κC < 0) .

(11)

The most stringent constraint on κC > 0 follows from
the requirement that when we vary κC , and correspond-
ingly κuman and κlman , the inequality ρ̄′

uman < ρ̄′
lman should

always hold (Eq. (9)). This condition reads: ρ̄uman(1 +
κuman) < ρ̄lman(1+κlman). Employing the relations between
κuman , κuman and κC given in Eq. (10) we get:

κC <
ρ̄lman − ρ̄uman

flman ρ̄lman + fuman ρ̄uman

∼= 0.089 , (12)

where we have used the numerical values of flman , ρ̄lman ,
fuman and ρ̄uman . This upper limit on κC > 0 in turn implies
κuman < 0.184 and κlman > − 0.128.

Combing the results for negative and positive κC , which
correspond to the EHE constraints in Eq. (9) for the average
densities, we have:

− 0.33 < κC < 0.09

− 0.13 < κlman < 0.48

− 0.69 < κuman < 0.18 . (13)

We get similar ranges of allowed values of κC , κlman and
κlman if in the preceding discussion we used ρ̄′

OC instead of
ρ̄′
C . At the same time, using the EHE constraints in Eq. (8)

leads to weaker restrictions on κC , κlman and κlman
4.

We have performed also a numerical scan to determine
the values of κi , i = C, lman, uman, which satisfy the M⊕,
I⊕ and the EHE constraints. In this scan the conservation
of M⊕ and I⊕ are required to be fulfilled with a numerical
uncertainty of 1% of the nominal values of M⊕ and I⊕. The
EHE constraint is imposed by requiring that the inequalities
in Eq. (9) are always satisfied for the corresponding average
densities. Following the described procedure we find:

− 0.30 < κC < 0.10

− 0.15 < κLMT < 0.45

− 0.65 < κUMT < 0.10 (14)

The above results obtained numerically we are going to use
in what follows agree very well with the results in Eq. (13)
derived analytically.

It follows from Eqs. (13) and (14) that the M⊕, I⊕ and
EHE constraints limit in the case of the three-layer Earth
density structure we are considering the possible deviations

4 This case was analised in Ref. [63] with ρ̄IC kept at its PREM value
and the mantle divided in upper and lower mantle layers. We note that in
the expression of the denominator in the right-hand side of the inequal-
ity in Eq. (69) in [63], the signs in the front of the second and third
terms should be negative, i.e., the correct form of this expression is:
ρ̄OC − ρ̄lman Clman flman − ρ̄uman Cuman fuman , where flman , fuman
and Clman and Cuman are defined in Eqs. (65) and (68), respectively.
Correspondingly, the inequality in Eq. (70) changes to κc > − 0.496.
However, the strongest lower limit in the case of κc < 0 follows from
the EHE constraint ρ̄uman(1+κuman) < ρ̄OC (1+κOC ): κc > − 0.334.
The strongest upper limit on κc > 0 follows from the EHE condition
that ρ̄uman(1+κuman) < ρ̄lman(1+κlman): κc < 0.086. Thus, Eq. (71)
in [63] should read: − 0.334 < κc < 0.086.
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Fig. 2 Left panel: Earth density according to PREM and an example solution for a modified Earth with fixed κlman = 0.2. Right panel: νν

disappearance and νe appearance probabilities for two values of the azimuth angle and the Earth models shown in the left panel

of ρ̄C , ρ̄lman and ρ̄uman from their respective PREM values
of 10.99 g/cm3, 4.90 g/cm3 and 3.60 g/cm3 to the following
rather narrow intervals: 7.36 g/cm2 < ρ̄C < 11.98 g/cm3,
4.26 g/cm3 < ρ̄lman < 7.25 g/cm3 and 1.12 g/cm3 <

ρ̄lman < 4.23 g/cm3, where 5 we have used the ranges of κi
given in Eq. (13).

3 Analysis methodology

This study uses the public release [76] of the simulated
atmospheric neutrino event rate predictions generated by
the Super-Kamiokande (SK) collaboration in its latest
atmospheric neutrino oscillation analysis [74]. It includes
realistic flux [77], neutrino interaction modeling using
NEUT [78,79] detector effects and analysis sample selection
criteria, see Sect. 3.2. Based on those simulations, we extrap-
olate the Earth tomography sensitivity to Hyper-Kamiokande
(HK), a detector eight times larger than SK, but based on the
same detection concept and with small instrumentation dif-
ferences. Additionally, we modify the nominal distributions,
as later discussed in Sect. 3.6, to assess the potential impact
of enhanced energy and/or angular resolutions in HK. The
reported sensitivities are obtained as described in Sect. 3.7.

5 Similar restrictions were obtained in Ref. [54]. Numerically, our
results differ somewhat from those found in [54] since in the constraint
following from the conservation of I⊕ the authors used the average den-
sities of the considered three density layers present in the expression
for M⊕ (Eqs. (5.3) and (5.4) in [54]), while, we have utilised the results
of the analysis in [63] which showed that the average densities in the
expression for I⊕ differ somewhat form those in the expression for M⊕.

3.1 SK simulation input

Our study utilizes as input the simulation release in Ref. [76].
It consists of the expected event rates, and one-dimensional
true energy and angle event distributions for a list of 931 angle
and energy bins divided in 29 samples, corresponding to 29
different sets of event selection conditions. The distributions
are released as 1D true neutrino energy and true azimuth
angle quantiles at 2.3%, 15.9%, 50%, 84.1% and 97.7% of
the distribution. The predictions are divided in three major
blocks, consisting of the unoscillated, and oscillated predic-
tions assuming either the normal or the inverted mass order-
ing. For each, the predictions are divided in six components:
νe, νμ, ν̄e, ν̄μ, ντ + ν̄τ and neutral current (NC). Addition-
ally, the measured data counts in every bin are provided. It
is important to note that it is not possible to use data counts
as Super-Kamiokande does only release the prefit event rate
expectations, namely, without applying the systematic pulls
at the best fit point. Therefore, we focus in this study on the
analysis of the nominal simulation expectations, which are in
any case an excellent proxy to study the sensitivity of future
similar experiments.

3.2 Selection samples

The 29 selections samples can be sub-divided in 19 samples
without and 10 with neutron tagging, often indicated with
additional labels 0 n, 1 n, etc. This large number of samples
is the result, in part, to splitting some samples in two phases
of the Super-Kamiokande experiment, i.e. data from SK runs
1 to 3 and from runs 4 to 5, further details on the specifics
of this data periods are available in Ref. [74]. As we are
primarily interested in Hyper-Kamiokande, whenever this
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Fig. 3 Oscillated predictions, using parameters in Table 1, for muon-rich samples scaled to 6500-live days and considering a ×8 increased mass
to scale Super-Kamiokande to Hyper-Kamiokande. All 2D distributions are presented in reconstructed lepton momentum slices

duplicity exist we use the performances of the simulations
for runs 4 and 5.

Broadly speaking there are 4 different categories of sam-
ples: Sub-GeV samples, Multi-GeV samples, NC-samples,
and non-fully-contained (non-FC) samples. Oscillations of
neutrinos with energy below 1 GeV change very rapidly
with energy and azimuth angle, see previous Fig. 2, such
that tomography-sensitive variations get largely averaged

out. Therefore we do not consider Sub-GeV samples. Simi-
larly, as our interest regards effects in the neutrino flux flavor
composition, we do not include NC-samples, insensitive to
flavor transitions. Lastly, we only consider those samples that
have a significant fraction of events with energies of interest.
Accordingly, we ignore the Up-μ showering and Up-μ stop-
ping samples, which largely consist of events with energies
above several tens of GeV.
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Fig. 4 Oscillated predictions, using parameters in Table 1, for electron-rich samples scaled to 6500-live days and considering a ×8 increased mass
to scale Super-Kamiokande to Hyper-Kamiokande. All 2D distributions are presented in reconstructed lepton momentum slices

Therefore, in this analysis we utilize a total of 12 selection
samples, consisting of Multi-GeV events with a single lepton
ring (νμ, ν̄μ, νe, ν̄e 0 n, ν̄e 1 n) and Multi-GeV events with
multiple rings (νμ, νe, ν̄e and other), and non-FC events (par-
tially contained stopping, partially contained through-going
and Up-μ stopping). All the analysis samples under consid-
eration are presented in Figs. 3 and 4.

3.3 Neutrino fluxes

We use the same neutrino flux used by the Super-Kamiokande
collaboration to generate its expected event counts, namely
we utilize the flux prediction of Honda et al. [77]. In the
unoscillated prediction, a tiny flux of ντ + ν̄τ is expected.
If one would run this nominal expectation through Super-
Kamiokande’s event production and analysis pipeline, only
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a very small statistical sample of ντ + ν̄τ would be obtained,
making it difficult to evaluate through simulations the recon-
struction and selection performances and efficiencies in each
sample for this flavor. To solve this in a simple manner,
the Super-Kamiokande collaboration calculates the expected
ντ + ν̄τ event rate using for it Honda et. al. model’s νμ flux,
and later down-scales the events to their appropriate value.
We take this method into account in our calculations.

3.4 Oscillation probability evaluation

The three-flavour oscillation probability is evaluated using
theProb3++ framework,6 developed by Super-Kamiokande
collaborators. The framework calculates the oscillation prob-
ability including matter effects for any neutrino flavor tran-
sition as a function of the input PMNS parameters, the val-
ues of the neutrino mass squared differences values, and the
Earth model configuration, which is input as a collection
of density values along the Earth radius. Prob3++ takes
as input the Earth density profile given by a collection of
points. We evaluate the Earth density at 82 points along the
Earth radius. A subset of 61 points are distributed from 0 to
5600 km every 100 km, with few additional points near the
shell transitions. The remaining points describe the 5600–
6371 km region, sampled more frequently at irregular inter-
vals to reflect the finer structure of the Earth crust.

The oscillation probability is calculated in every bin i
and for every neutrino flavour α. The oscillated and nom-
inal expected number of counts for the α flavor in the i-th
bin, Nosc

i,α and Nnominal
i,α , are related as follows:

Nosc
i,α = Nnominal

i,α × �osc
i,α /�nominal

i,α , (15)

where �osc
i,α and �nominal

i,α represent the oscillated and nom-
inal fluxes of να in the i-th bin. To calculate the nominal
flux, we evaluate the Honda flux model for the α flavor at
the average neutrino energy and average zenith angle for the
charged-current events associated to that flavor in the bin.

Event-by-event reweighting for neutrino oscillation effect
is implemented in SK. However, the data and simulation
releases consist of a simpler representation that loses the
event-by-event details. Therefore, we instead conduct a
quantile-weighted evaluation of the oscillation probability
in every bin. Example spline distributions are presented in
Fig. 5.

The procedure is as follows:

• We use Piecewise Cubic Hermite Interpolating Polyno-
mial (PHCIP) [80] monotonic splines to interpolate the
quantiles.

6 For details see https://github.com/rogerwendell/Prob3plusplus.

• We define a number of equally spaced points, Nq ∈
[0, 1], forming a homogeneously spaced Nq × Nq grid.
For every bin then we calculate the probability as a
weighted sum:

�osc
i,α = �α ×

⎛
⎝

Nq∑
i

Nq∑
j

wi × w j × Pα→α
osc (Ei , θ j )

⎞
⎠

+
∑
β �=α

�β ×
⎛
⎝

Nq∑
i

Nq∑
j

wi × w j × Pβ→α
osc (Ei , θ j )

⎞
⎠ ,

(16)

where wi , w j denote the width of the interval between
two quantile points, with associated energy and azimuth
angle values Ei and θ j evaluated at the center of that inter-

val, Pβ→α
osc (Ei , θ j ) and Pα→α

osc (Ei , θ j ) being respectively
the νβ → να transition and the να survival oscillation
probabilities.

For increasing Nq the quantile intervals become smaller,
closely reproducing the energy and angle distributions and
ensuring a small variation of the oscillation probability from
point to point. We use Nq = 15 as we observed that finner
grid sizes had no observable impact on the results.

3.5 Analysis datasets

We explore several scenarios for different assumptions of
systematic uncertainties. In all cases we consider the same
PID capabilities as in SK.

First, we consider the expected sensitivity for SKSK-Nominal,
directly utilizing SK distributions and expected bin counts
as in [74] for the sub-set of samples considered in this
work. Similarly, we report expected sensitivities scaled to
HK’s effective detection volume and 6500 days of data (HK-
Nominal), the same as in Ref. [74].

Second, we consider the expected sensitivity for sets of
fake data informed by SK’s performances. In total we con-
sider the following detector performances:

1) E0% & 10◦ 2) E0% & 20◦; 3) E30% & 0◦ 4) E30% & 10◦
5) E20% & 10◦ 6) E10% & 10◦ 7) E30% & 20◦.

The notation EX% & Y◦ indicates a Eν resolution of X%
and a neutrino zenith angle resolution of Y◦.

Lastly we consider a special case: E0% & 0◦, an upper
bound for the sensitivity given only by statistical uncertainty.
We refer to it as Stats..

3.6 Enhanced datasets generation

To generate the alternative datasets with enhanced detector
performances, we sample individual events for every flavor
(νe, νμ, ν̄e, ν̄μ, ντ + ν̄τ and NC) from the PCHIP interpolated
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Fig. 5 Example splines in four
consecutive energy bins (right
panel) and four consecutive
angle bins (left panel) in the
Multi-GeV Multi-Ring μ-like
sample for the νμ reaction

true energy and angle quantiles, thus producing un-binned
distributions. In total, 10k events are sampled from every
true energy and zenith angle bin of every sample. Each event
weight corresponds to the number of counts in its original
bin normalized by the number of event samples (10k). The
reconstructed energy and azimuth angle for each event is then
calculated applying a Gaussian smearing to its true simulated
energy and azimuth angle according to the assumed detec-
tor performances, and events are organized in energy and
angle bins accordingly. The resulting predictions are used
to calculate 1D true neutrino energy and zenith angle quan-
tile distributions in every reconstructed bin, and are used to
generate a new ‘fake release’ following the very same for-
mat as that in Ref. [76]. This allows to run the same anal-
ysis pipeline both or SK/HK-Nominal distributions and for
the enhanced datasets. To profit from the increase in statis-
tics and the improved detector performances, the enhanced
datasets utilize a different binning scheme. In particular, we
double the number of angular bins at regular intervals from
cos θ = −1 to cos θ = 0, and more finely segment the energy
bins from 1 to 10 GeV/c. We ignore all bins with cos θ > 0,
corresponding to neutrinos that arrive to the detector from
the sky, i.e. without crossing the Earth. The total number of
bins for the samples under study gets increased from 390 to
903.

3.7 Sensitivity calculation

The sensitivity to the parameters of interest (κC , κlman ,
κuman) is calculated evaluating the statistical consistency
of the PREM model expectations with the predictions for
a modified Earth according to those parameters, utilizing a
fixed choice of PMNS parameters, summarized in Table 1.
Specifically, we calculate the �χ2 = ∑

i (Oi − Ei )
2/Ei ),

with Ei and Oi corresponding to the expected PREM model
event counts in the bin i − th, and Oi corresponding to
the expected observed events counts for a modified Earth
model in that same bin. We report results for three values of
sin2 θ23 = 0.45, 0.50 and 0.58, which essentially span the

3σ allowed range of values of sin2 θ23 obtained in the latest
global analysis of the neutrino oscillation data [81].

4 Results

The sensitivity results for NO neutrino mass spectrum are
presented in Fig. 6. Firstly, we note that the sensitivity of
a detector with energy and zenith angle resolutions E30% &
20◦ in all samples is similar to the HK-Nominal sensitiv-
ity directly extrapolated from the performances of Super-
Kamiokande. Correspondingly, we will refer to the case of
E30% & 20◦ further in the text as “nominal”. From that
starting point, we can notice that progressive improvements
in the energy and angular resolutions would have a strong
impact for a tomography of the Earth increasing the sensitiv-
ity to possible deviations from the PREM density values. Our
results suggest that enhancing the angular resolution would
translate more directly in tomography sensitivity enhance-
ment. For instance, the resolutions E30% & 10◦ and E0% &
20◦ provide very similar sensitivities, while for E30% & 0◦ the
sensitivity is much better. In the case of having a better angu-
lar resolution, further improvement of the energy reconstruc-
tion would of course have a positive impact, as evidenced by
the sensitivity in the E20% & 10◦ and E10% & 10◦ cases. Even
in those scenarios, a notable margin to reach the ultimate sen-
sitivity, given by the statistical only uncertainty case, exists –
indicating that the measurement sensitivity is dominated by
systematic uncertainties, as follows by comparing the results
corresponding to E0% & 10◦ and HK Stats. An illustration of
the extreme regimes of what is expected to be achieved and
what could be best achieved in Hyper-Kamiokande is pre-
sented in Fig. 7. We show results for sin2 θ23 = 0.45, 0.50
and 0.58. The three values essentially span the 3σ allowed
range of values of sin2 θ23 obtained in the most recent global
analysis of neutrino oscillation data [81]. While comparing
the results it is easy to notice that the true value of sin2 θ23

has a significant impact on the HK sensitivity.
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Fig. 6 Sensitivity to deviations
of the Earth core, lower mantle
and upper mantle densities from
their respective PREM values,
parametrised as ρi (1 + κi ),
i = c, lman, uman, ρi being the
PREM densities, for different
HK detector configurations. The
left, center and right columns
correspond to: sin2 θ23 = 0.45,
0.50 and 0.58

We summarise our results on the sensitivity of the HK
experiment to possible deviations of the core, lower man-
tle and upper mantle average densities from their respective
PREM values in Table 2.

We find, in particular, that for sin2 θ23 and the “nominal”
energy and zenith angle resolutions of E30% & 20◦ in all
samples, after 6500 days of operation the HK experiment can
determine the Earth core average density at 2σ C.L. with a
relative uncertainty �ρ̄C/ρ̄C = 100%κC of (−14.5%)/+39.5
(−0.145 ≤ κc ≤ 0.395). For sin2 θ23 = 0.58 the uncertainty
is noticeably smaller: (−9.3%)/+31.7% (− 0.093 ≤ κc ≤
0.317). However, as we have shown, the M⊕, I⊕ and EHE
constraints limit the possible maximal deviation of ρ̄C from
its PREM value to 10% (κc < 0.10, see Eqs. (13) and (14)).

The sensitivity of the HK experiment will be much higher
in the case of energy and angular resolutions of E20% & 10◦.
It increases also significantly with sin2 θ23. Indeed, in this
case at 2σ CL we have for sin2 θ23 = 0.45, 0.50 and 0.58,
respectively: (−9.2%)/+11.3% (− 0.092 ≤ κc ≤ 0.113), (-

8.3%)/+9.8% (− 0.083 ≤ κc ≤ 0.098) and (-6.7%)/+8.5%
(− 0.067 ≤ κc ≤ 0.085). Thus, if, e.g., sin2 θ23 = 0.50,
the HK experiment would be able to establish that the aver-
age core density at 2σ CL lies in the rather narrow interval:
10.08 g/cm3 ≤ ρ̄C ≤ 12.06 g/cm3, with the PREM value
of ρ̄C = 10.99 g/cm3. Similarly, it will follow from the HK
data that at 2σ CL the average lower and upper mantle den-
sities, have values in the intervals: 4.49 g/cm3 ≤ ρ̄lman ≤
5.38 g/cm3, 3.00 g/cm3 ≤ ρ̄uman ≤ 4.25 g/cm3, where we
have used the corresponding results in Table 2 and the upper
limit κuman ≤ 0.18 (see Eq. (13)). We recall that the PREM
values of ρ̄lman and ρ̄uman are 4.90 g/cm3 and 3.60 g/cm3,
respectively.

Given the PREM values of ρ̄man = 4.66 g/cm3 and ρ̄IC =
12.89 g/cm3, the HK result on ρ̄C would be an independent
confirmation of the existence of at least three major density
layers in the interior of the Earth.
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Fig. 7 Confidence intervals of
HK sensitivity to deviations of
the core, lower mantle and upper
mantle average densities from
their respective PREM values.
The dark blue bands correspond
to varying κC in the interval
−0.30 < κC < 0.10, allowed by
the Earth total mass, moment of
inertia and hydrostatic
equilibrium constraints (see Eq.
(14)). The light blue and red
bands represent the 1σ Nominal
and Stats. Only confidence level
intervals. The top left, top right
and bottom panels correspond
respectively to sin2 θ23 = 0.45,
0.50, 0.58. See text for further
details

Table 2 The 68% and 95% CL intervals of sensitivity of the HK exper-
iment to the parameters (1 + κC ), (1 + κlman) and (1 + κuman), char-
acterising the deviations of the inner and outer core, lower mantle and
upper mantle densities from their respective PREM values, for different
sets of HK energy and angular resolutions and sin2 θ23 = 0.45, 0.50

and 0.58. Dashes indicate the limits obtained from the Earth M⊕, I⊕
and EHE constraints quoted in Eq. (14) in the cases when they are more
constraining than those derived from the analysis of the HK prospective
data. See text for further details

sin2 θ23 Core (C) Lower mantle Upper mantle

68% 95% 68% 95% 68% 95%

Model Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper

HK nominal 0.45 0.922 1.090 0.834 – 0.873 1.111 – 1.228 0.844 1.184 0.671 –

0.50 0.934 1.082 0.867 – 0.883 1.095 – 1.185 0.863 1.168 0.734 –

0.58 0.945 1.067 0.899 – 0.902 1.074 – 1.145 0.895 1.141 0.793 –

SK nominal 0.45 – – – – – – – – – – – –

0.50 0.762 – – – – 1.333 – – 0.527 – – –

0.58 0.829 – – – – 1.237 – – 0.658 – – –

HK Stats. 0.45 0.978 1.023 0.953 1.048 0.969 1.033 0.934 1.064 0.958 1.043 0.906 1.096

0.50 0.978 1.022 0.956 1.046 0.970 1.031 0.937 1.060 0.959 1.042 0.913 1.091

0.58 0.979 1.021 0.959 1.043 0.972 1.029 0.940 1.056 0.960 1.041 0.922 1.084

E0% & 10◦ 0.45 0.963 1.038 0.930 1.075 0.950 1.049 0.894 1.102 0.932 1.069 0.854 1.150

0.50 0.965 1.036 0.936 1.069 0.954 1.045 0.900 1.092 0.935 1.066 0.868 1.144

0.58 0.969 1.033 0.942 1.064 0.960 1.041 0.910 1.078 0.939 1.063 0.890 1.129

E30% & 0◦ 0.45 0.961 1.040 0.924 1.079 0.945 1.053 0.888 1.108 0.927 1.075 0.848 1.159

0.50 0.963 1.038 0.932 1.074 0.950 1.048 0.895 1.099 0.933 1.069 0.857 1.149

0.58 0.966 1.035 0.939 1.066 0.956 1.043 0.904 1.084 0.937 1.065 0.880 1.139

123



Eur. Phys. J. C           (2025) 85:703 Page 13 of 15   703 

Table 2 continued

sin2 θ23 Core (C) Lower mantle Upper mantle

68% 95% 68% 95% 68% 95%

Model Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper

E10%& 10◦ 0.45 0.959 1.043 0.919 1.086 0.941 1.056 0.877 1.114 0.922 1.083 0.839 1.179

0.50 0.963 1.040 0.930 1.080 0.946 1.050 0.886 1.102 0.931 1.073 0.854 1.162

0.58 0.966 1.036 0.939 1.070 0.954 1.043 0.898 1.085 0.937 1.066 0.880 1.145

E20%& 10◦ 0.45 0.952 1.051 0.908 1.113 0.930 1.066 0.855 1.135 0.904 1.101 0.803 –

0.50 0.957 1.046 0.917 1.098 0.937 1.058 0.864 1.117 0.918 1.092 0.833 –

0.58 0.963 1.040 0.933 1.085 0.945 1.049 0.879 1.098 0.933 1.075 0.859 1.175

E30% & 10◦ 0.45 0.945 1.059 0.894 – 0.921 1.074 – 1.150 0.895 1.112 0.788 –

0.50 0.953 1.054 0.909 – 0.928 1.065 – 1.131 0.905 1.104 0.808 –

0.58 0.960 1.045 0.924 1.106 0.937 1.054 0.859 1.107 0.926 1.091 0.849 –

E0%& 20◦ 0.45 0.949 1.052 0.896 1.116 0.929 1.070 0.854 1.148 0.899 1.102 0.790 –

0.50 0.955 1.048 0.911 1.104 0.934 1.062 0.860 1.129 0.910 1.096 0.813 –

0.58 0.961 1.042 0.926 1.090 0.942 1.052 0.871 1.105 0.929 1.081 0.851 1.185

E30%& 20◦ 0.45 0.931 1.079 0.855 – 0.889 1.100 – 1.202 0.856 1.157 0.711 –

0.50 0.939 1.072 0.880 – 0.897 1.085 – 1.169 0.879 1.147 0.760 –

0.58 0.950 1.063 0.907 – 0.911 1.068 – 1.136 0.900 1.128 0.802 –

5 Conclusions

In the present study we have investigated the potential of the
Hyper-Kamikande experiment to perform neutrino tomogra-
phy of the Earth density structure. Using PREM as a reference
model for the Earth density distribution we studied the sen-
sitivity of the Hyper-Kamiokande detector to deviations of
the Earth total core average density ρ̄C , lower mantle average
density ρlman , and upper mantle average density, ρ̄uman , from
their respective PREM values. The analysis is performed by
studying the effects of the Earth matter on the oscillations of
atmospheric νμ, νe, ν̄μ and ν̄e. We used the public release [76]
of the simulated atmospheric neutrino event rate predictions
generated by the Super-Kamiokande (SK) collaboration in its
latest atmospheric neutrino oscillation analysis [74], which
includes (i) realistic atmospheric neutrino flux and neutrino
interaction modeling, (ii) detector effects, and (iii) analy-
sis of the sample selection criteria. Based on those simula-
tions, we extrapolated the Earth tomography sensitivity to
Hyper-Kamiokande (HK), a detector eight times larger than
SK, but based on the same detection concept and with small
instrumentation differences. Additionally, we modified the
nominal distributions (as discussed in Sect. 3.6) to assess the
potential impact of enhanced energy and/or angular resolu-
tions in HK.

In investigating the potential of the HK experiment in
doing a tomography of the Earth we have considered 6500
days of data, the same as in the latest study by Super-
Kamiokande [82]. A significant gap is observed between
the Nominal (or “nominal”) sensitivity and the sensitivi-

ties achieved when using an improved angular and energy
resolution (Fig. 7). Therefore, reconstruction improvements
from SK to HK, rooted for instance in machine learning tech-
niques, can have a significant impact on the prospects of the
HK experiment when performing a neutrino tomography of
the Earth.

In our analysis we implemented the constraints on the
variations of ρC , ρlman and ρuman following from the pre-
cise knowledge of the Earth mass M⊕ and moment of inertia
I⊕, as well as from the requirement that the Earth be in hydro-
static equilibrium (EHE).

Considering the case of normal ordering (NO) of neutrino
masses, we obtained results which illustrate the dependence
of sensitivity to the core, lower and upper mantle densities
on the energy and zenith angle resolutions, on whether or
not the prospective systematic errors are accounted for and
on the value of the atmospheric neutrino mixing angle θ23

(Fig. 6, Table 2). We have shown, in particular, that a pro-
gressive improvement of the “nominal” energy and angular
resolutions of E30% & 20◦ of the HK detector would have a
strong impact on the Earth tomography potential of the HK
experiment. Our results suggest that enhancing the angular
resolution has a particularly strong impact increasing the sen-
sitivity of the HK experiment to possible deviations of the
considered Earth layers average densities from their respec-
tive PREM values.

Performing the analysis for three values of sin2 θ23 =
0.45, 0.50 and 0.58, which essentially span the 3σ allowed
range of values of sin2 θ23 obtained in the latest global anal-
ysis of the neutrino oscillation data, we have shown also
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that the Earth tomography potential of the HK experiment
depends strongly on the value of sin2 θ23.

More specifically, in the case of the “nominal” Eres =
30%, θzres = 20◦ and, e.g., sin2 θ23 = 0.45 (0.58), the
Hyper-Kamiokande can determine the average core den-
sity ρ̄C at 2σ CL after 6500 days of operation with an the
uncertainty of (−14.5%)/+39.5% ((−9.3%/+31/7%), while
the M⊕, I⊕ and EHE constraints allow in the case of the
three layer Earth density structure considered by us a max-
imal increase of ρ̄C with respect to its PREM value of less
than ∼ 10%. In the “more favorable” case of implemented
constraints, neutrino energy resolution Eres of 20%, zenith
angle resolution θzres of 10% and sin2 θ23 = 0.58 (0.45),
the HK experiment can determine the average core density
ρ̄C at 2σ C.L. with an uncertainty of (−8.3%)/+9.8% (of
(−9.2%)/+11.3%). If, e.g., sin2 θ23 = 0.50, the HK experi-
ment would be able to establish, in particular, that the aver-
age core density at 2σ CL lies in the rather narrow interval:
10.08 g/cm3 ≤ ρ̄C ≤ 12.06 g/cm3, with the PREM value of
ρ̄C = 10.99 g/cm3. Given the PREM values of the average
densities of the mantle and the inner core, ρ̄man = 4.66 g/cm3

and ρ̄IC = 12.89 g/cm3, this result would be an independent
evidence of the existence of at least three major density lay-
ers in the interior of the Earth and of the relatively large jump
of density in the mantle-core narrow transition zone.

Our results show that the Hyper-Kamiokande experiment,
after collecting a sufficiently large data sample, can make a
major contribution to the tomography studies of the Earth
interior with neutrinos.
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