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Abstract Using PREM as a reference model for the Earth
density distribution we investigate the sensitivity of ORCA
detector to deviations of the Earth (i) outer core (OC) density,
(i1) inner core (IC) density, (iii) total core density, and (iv)
mantle density, from their respective PREM densities. The
analysis is performed by studying the effects of the Earth
matter on the oscillations of atmospheric v, Ve, U, and v,.
We present results which illustrate the dependence of the
ORCA sensitivity to the OC, IC, core and mantle densities
on the type of systematic uncertainties used in the analysis,
on the value of the atmospheric neutrino mixing angle 6,3, on
whether the Earth mass constraint is implemented or not, and
on the way it is implemented, and on the type — with normal
ordering (NO) or inverted ordering (IO) — of the light neu-
trino mass spectrum. We show, in particular, that in the “most
favorable” NO case of implemented Earth mass constraint,
“minimal” systematic errors and sin? 6,3 = 0.58, ORCA can
determine, e.g., the OC (mantle) density at 3o C.L. after 10
years of operation with an uncertainty of (— 18%)/+ 15%
(of (— 6%)/+ 8%). In the “most disfavorable” NO case of
“conservative” systematic errors and sin> 63 = 0.42, the
uncertainty on OC (mantle) density reads (— 43%)/+ 39%
((= 17%/+ 20%), while for for sin? 6r3 = 0.50 and 0.58 it
is noticeably smaller: (— 37)%/+ 30% and (— 30%)/+ 24%
((— 13%)/+ 16% and (— 11%/+ 14%)). We find also that the
sensitivity of ORCA to the OC, core and mantle densities is
significantly worse for IO neutrino mass spectrum.

1 Introduction

A precise knowledge of the Earth’s density distribution and
of the average densities of the Earth’s three different major

2 e-mail: petcov@sissa.it (corresponding author)

structures —the mantle, outer core and inner core —is essential
for understanding the physical conditions and fundamental
aspects of the structure and properties of the Earth’s inte-
rior (including the dynamics of mantle and core, the bulk
composition of the Earth’s three structures, the generation,
properties and evolution of the Earth’s magnetic field and the
gravity field of the Earth) [1-4]. The thermal evolution of the
Earth’s core, in particular, depends critically on the density
change across the inner core — outer core boundary (see, e.g.,
[5D.

At present our knowledge about the interior composition
of the Earth and its density structure is based primarily on
seismological and geophysical data (see, e.g., [3,6,7]). These
data were used to construct the Preliminary Reference Earth
Model (PREM) [8] of the density distribution of the Earth.
In the PREM model, the Earth density distribution pg is
assumed to be spherically symmetric, pg = pg(r), r being
the distance from the Earth center, and there are two major
density structures — the core and the mantle, and a certain
number of substructures (shells or layers). The mantle has
seven shells in the model, while the core is divided into an
Inner Core (IC) and Outer Core (OC). The mean Earth radius
is Rg = 6371 km; the Earth core has a radius of R, = 3480
km, with the IC and OC extending respectively from r = 0
tor = 1221.5km, and fromr = 1221.5kmtor = 3480 km.
The mean densities of the mantle and the core are respectively
Pman = 4.45 glem?® and p. = 10.99 g/cm?.

The determination of the radial density distributions in
the mantle and core, 0,4, (r) and p.(r), from seismological
and geophysical data is not direct and suffers from uncertain-
ties [1,6,7]. An approximate and perhaps rather conservative
estimate of this uncertainty for p,q, (r) is ~ 5%; for the core
density p.(r) itis larger and can be significantly larger [1,6,7]
It was concluded in [7], in particular, that the density increase
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across the inner core — outer core boundary is known with an
uncertainty of about 20%.

A unique alternative method of determination of the den-
sity profile of the Earth is the neutrino tomography of the
Earth [9-24]. The propagation of the active flavour neutri-
nos and antineutrinos v, and vy, @ = e, u, T, in the Earth
is affected by the Earth matter. The original idea of neutrino
Earth tomography is based on the observation that the cross
section of the neutrino-nucleon interaction rises with energy.
For neutrinos with energies E, 2 a few TeV, the inelastic
scattering off protons and neutrons leads to absorption of
neutrinos and thus to attenuation of the initial neutrino flux.
The magnitude of the attenuation depends on the Earth mat-
ter density profile along the neutrino path. Attenuation data
for neutrinos with different path-lengths in the Earth carry
information about the matter density distribution in the Earth
interior. The absorption method of Earth tomography with
accelerator neutrino beams, which is difficult (if not impos-
sible) to realise in practice was discussed first in [9, 10] and
later in grater detail in [11-23].

The oscillations between the active flavour neutrinos and
antineutrinos, vy, <> vg and vy < vg, a, B = e, u 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., [25]). These modifications depend on the Earth
matter density (more precisely, the electron number density
N(r), see further) along the path of the neutrinos. Thus,
by studying the effects of Earth matter on the oscillations
of, e.g., v, and v, (v, and v,) neutrinos traversing the Earth
along different trajectories it is possible to obtain information
about the Earth (electron number) density distribution.

Atmospheric neutrinos (see, e.g., [26]) are a perfect tool
for performing Earth tomography. Consisting of significant
fluxes of muon and electron neutrinos and antineutrinos, v,
Ve, Uy and v,, 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 [27-29] and in the future exper-
iments PINGU [30,31], ORCA [32], Hyper Kamiokande
[33,34] and DUNE [35], which are under construction.

The idea of using the absorption method of Earth tomog-
raphy with atmospheric neutrinos was discussed first, to our
knowledge, in [24]. In 2018 in [36] the authors used the
data of the IceCube experiment on multi-TeV atmospheric
v, and v, with sufficiently long paths in the Earth and
obtained information about the Earth density distribution,
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which, although not very precise, broadly agrees with the
PREM model. More specifically, in [36] it is assumed that
the Earth density distribution is spherically symmetric. The
analysis is performed with a five layer Earth model: the inner
core, two equal width layers of the outer core and two equal
width layers of the mantle. The densities in each of the five
layers are varied independently. The external constraints on
the Earth total mass which is known with a remarkable high
precision [37-39], was not applied. The results are obtained
with the IceCube data on the zenith angle dependence of
the fluxes of up-going atmospheric v, and v, producing
muons with energies in the interval £, = (0.4-20.0) TeV
[40]. Four different models of the initial fluxes of atmo-
spheric v, and v, were used in the analysis. The value of
the Earth mass found in [36], Mg = (6.01‘}:2) x 10% kg,
is in good agreement with gravitationally determined value
[37,38], Mg = (5.9722 4 0.0006) x 10** kg. Thus, the
Earth was “weighted” with neutrinos. The results obtained
in [36] contain evidence at 2o C.L. that the core is denser than
the mantle: o} (3layer) — p,, ., (2layer) = (13.11’2:?) g/em?,
where p (3layer) and p,, ,,, (2layer) are the values of the aver-
age core and mantle densities determined in [36]. This was
the first time the study of neutrinos traversing the Earth pro-
vided information of the Earth interior and marked the begin-
ning of real experimental data driven neutrino tomography
of the Earth.

The Earth tomography based on the study of the effects
of Earth matter on the oscillations of atmospheric neutrinos
with different path-lengths in the Earth is discussed in [41—
43].In [41] the sensitivity of PINGU and ORCA experiments
to the radial density distribution of the Earth has been inves-
tigated. The analysis is performed by dividing the PREM
density distribution in seven layers as a function of the radial
distance d from the Earth surface: 1. Crust, 0 < d < 35
km; 2. Lower Lithosphere, 35 km < d < 60 km; 3. Upper
Mesosphere, 60 km < d < 410 km; 4. Transition zone,
410 km < d < 660 km; 5. Lower Mesosphere, 660 km <
d < 2860 km; 6. Outer Core, 2860 km < d < 5151 km;
7. Inner Core, 5151 km < d < 6371 km. The layers 2, 3,
4 and 5 correspond to the mantle in PREM. The oscillation
probabilities are evaluated by dividing further the layers into
certain number of shells with constant densities chosen to
match the PREM average densities in each of the shells and
by using the evolution operator method (see, e.g., [44]). In
the analysis the densities in each layer are varied indepen-
dently. The constraints of the Earth total mass was not taken
into account. Thus, some of the independent variations of the
densities in the layers performed in the analysis violate this
constraint. The azimuth-averaged (“solar-minimum”) v, ,
and v, , atmospheric neutrino fluxes are taken from [45]
and correspond for PINGU and ORCA to the South Pole and
Gran Sasso sites. The detection characteristics and the simu-
lation of events in PINGU and ORCA are based respectively
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on Refs. [30] and [46,47]. The best fit oscillation parameters
and their respective uncertainties are taken from [48]. The
results are obtained by the x2-minimisation method (for fur-
ther details of the analysis see [41]). It is found in [41] that
using neutrino oscillations it is impossible to get information
with the PINGU and ORCA set-ups about the densities in the
Crust, Lower Lithosphere and the Inner Core, while the infor-
mation about the densities of the Upper Mesosphere and the
Transitions zone is very imprecise. For example, the density
in the Transition zone can be determined with ORCA with
1o uncertainty of — 61.2%/+ 35.6% (— 52.7%/+ 45.8%) for
neutrino mass spectrum with normal (inverted) ordering (NO
(IO) spectrum). The sensitivity of PINGU and ORCA to the
densities of the Lower Mesosphere pr v and the Outer Core
poc, is found to be significantly higher. In the case of NO
(I0) spectrum, prm and poc can be determined, e.g., with
ORCA, according to [41], with 1o uncertainties respectively
of £4% (— 4.7%/+ 4.8%) and — 5.4%/+ 6.0% (— 6.5%/+
7.1%).

In [42] the authors have analysed the angular and energy
distributions of the events in the ORCA detector with the
aim of obtaining information on the composition of the Earth
core. They conclude, in particular, that for NO (I0) spectrum,
after ten years of operation of ORCA the average electron
number density in the mantle and in the outer core, for which
radial distribution is assumed, can be determined with a pre-
cision of £ 3.6% (+4.6%) and + 7.4% (£ 10.0%) at 1o C.L.
These results are obtained accounting only for the statistical
errors of the measurements. In addition, the Earth total mass
constraint was not taken into account when varying the den-
sity of the mantle or of the outer core.

The possibility to obtain evidence for the existence of the
Earth’s denser core using the atmospheric neutrino data from
the future planned Iron Calorimeter (ICAL) detector at the
India-based Neutrino Observatory [49] was studied in [43].
The authors assume, following the PREM model, that the
average core density is larger than the average mantle den-
sity by a factor ~ 2.5. The results obtained in [43] show,
in particular, that using prospective 10 year ICAL data, the
simple two-layered mantle-crust Earth density profile can
be disfavored with a median x?2 of 7.45 (4.83) if the case
of NO (IO) neutrino mass spectrum, which would provide
additional neutrino evidence for the existence of the Earth’s
denser core.

In the somewhat related studies [5S0-52] the authors have
analysed the IceCube sensitivity to the Earth matter effects
in oscillations of atmospheric neutrinos [5S0] and the IceCube
[51] and ORCA [52] sensitivities to the Earth core composi-
tion. In [51,52] the PREM density distribution of the Earth
core was used as input in the corresponding analyses.

Estimates of the sensitivity to the Earth core density of
large ~ 1 Mt (SuperKamiokande-like) water Cerenkov and
~ 100 Kt liquid argon (LAr) detectors using atmospheric

neutrino oscillation data were made in [53]. For the PINGU
detector similar estimates was made in [54]. A brief account
of the studies performed in [53,54] and the results obtained
therein is given in Appendix A.

Using PREM as a reference model for the Earth density
distribution we investigate in the present article the sensi-
tivity of the ORCA detector to deviations of the Earth (i)
outer core (OC) density, (ii) inner core (IC) density, (iii)
total core density, and (iv) mantle density, from their respec-
tive PREM densities. We consider the case when the radial
dependence of the densities of the layers of interest, p; (r),
i = IC, OC, core, mantle, is given by PREM and the devi-
ations correspond to an overall scaling factor, i.e., have the
form ,oi’(r) = (1+«;)pi(r), where «; is a real positive or neg-
ative constant. The change of density in each Earth layer (IC,
OC and mantle) as described by PREM is taken effectively
into account, i.e., we do not use the constant density approx-
imation in the layers and shells. The analysis is performed
by studying the effects of the Earth matter on the oscillations
of atmospheric vy, Ve, U, and .. For the unoscillated fluxes
of the atmospheric neutrinos we use the updated azimuth-
averaged energy and zenith angle dependent fluxes from [55]
at the Frejus cite.! The type of light neutrino mass spectrum
is assumed to be known and we obtain results for both the
NO and IO spectra. The relevant detection characteristics of
the ORCA set-up — the energy and angular resolutions, the
dependence of the effective volumes for the different classes
of events on the initial neutrino energy, the prospective sys-
tematic uncertainties, etc. are taken from the the ORCA pro-
posal [32]. In our analysis we take into account also a number
of potential systematic uncertainties identified in [56] and *
we show the dependence of the results on the type of sys-
tematic uncertainties used in the respective analysis. In what
concerns the statistical errors, our results correspond to 10
years of operation of ORCA.

Determining the sensitivity of ORCA to the densities of
the different Earth structures (or layers) requires to vary the
density of a given structure (layer) with respect to its PREM
density. Such variation can be incompatible with the total
Earth mass value. In order to avoid this in our analysis we sys-
tematically implement the total Earth mass constraint. This is
done by compensating the variation of the density in a given
structure or layer by a corresponding change of the density in
one of the other structures or layers. For example, when we
vary the OC density, we compensate it by a corresponding
variation of the (i) IC density, and of the (ii) mantle density,

U 1n [41] the atmospheric neutrino fluxes from [45] at the Gran Sasso
cite, which is more distant from the ORCA location than the Frejus cite,
were used.

2 The study of ORCA sensitivity to the Earth density structure was
performed in [41] prior to the publication of the ORCA proposal [32]
and, as a consequence, with less systematic error sources than those
used in the present work.

@ Springer
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so that the total Earth mass constraint is always satisfied. In
order to assess the effects of this constraint we present also
results without imposing it.3

The paper is organised as follows. In Sect. 2 we discuss
the basic ingredients of the analysis performed by us, includ-
ing the PREM input used, the calculation of the relevant
neutrino oscillation probabilities, the implementation of the
Earth mass constraint and the simulation of events in ORCA.
In Sect. 3 we report our results on the sensitivity of ORCA
to the IC, OC and mantle densities in the cases of NO and
IO neutrino mass spectra. A summary and the conclusions
of our work are presented in Sect. 4. Appendix A contains
a brief account of the studies performed in [53,54] and the
results obtained therein.

2 Basics of the analysis
2.1 PREM input and calculation of oscillation probabilities

We use the PREM model as a reference model of the Earth
density distribution pg(r) and assume that the location of the
mantle-core and the outer core-inner core boundaries are cor-
rectly described by the model. Compared to seismic waves,
which are usually reflected or refracted at density jumps, neu-
trino oscillations are essentially not sensitive to changes of
density in the Earth mantle and core taking place over dis-
tances which are smaller than the neutrino oscillation length
[57] (see also [25]) that in the cases we are going to study is
typically ~ 1000 km.* 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 each having
width ~ 1000 km). However, through the mantle-core inter-
ference (or neutrino oscillation length resonance- (NOLR-)
like) effect [58—60] (see also [61-63] and references quoted
therein), the neutrino oscillations are sensitive to the differ-
ence 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 sensitive also to the difference
between the IC and OC (average) densities.

Some of our results will be obtained by assuming that
the density distribution in the mantle, which is known with
a relatively good precision [7], is correctly described by the
PREM model. We recall that, according to the PREM model,
the Earth core has a radius of R, = 3480 km, the IC has a

3 As the author of [41] indicates, the total Earth mass constraint was
not implemented in the analysis performed in [41]. This implies that at
least some of the cases of independent variation of the densities in the
six layers considered in [41] are unphysical.

4 The estimate we quote refers to the relevant quantity, Losc/(27), Losc
being the neutrino oscillation length.

@ Springer

radius of Rjc = 1221.5 km and OC extends radially from
Ric = 1221.5 km to Rc = 3480 km, so the OC radial width
is 2258.5 km. The Earth mantle depth is 2856 km. The mean
densities of the mantle and the core are respectively pyan =
4.45 g/cm’® and p, = 10.99 g/cm?, while the mean densities
of the IC and OC are p;c = 12.89 g/cm3 and poc = 10.90
g/em’.

For a spherically symmetric Earth density distribution, the
neutrino trajectory in the Earth is specified by the value of
the nadir angle 6, of the trajectory. For 6,, < 33.17, or path
lengths L > 10,665.7 km, neutrinos cross the Earth core. The
path length for neutrinos which cross only the Earth mantle
is given by L = 2Rg cosb,. If neutrinos cross the Earth
core, the lengths of the paths in the mantle, 2L™#", and in the
core, L™, are determined by: L™ = Rg cos 6, — (Rf —
Ré sin? 9,,)%, Lo = 2(R3 — Ré sin? 9,,)%. Correspond-
ingly, the neutrinos cross the core, the inner core and the outer
core for cos 6, lying respectively in the intervals [0.84,1.00],
[0.98,1.00] and [0.98,0.84] (the corresponding intervals in 6,
read [0,33.17°], [0,10.98°] and [10.98°,33.17°]).

The Earth matter effects in the neutrino oscillations of
interest depend on the matter potential [64-67]

V =+v2GgN,, (1)

which involves the electron number density N, along the path
of the neutrinos. The relation between the Earth density and
electron number density includes the electron fraction num-
ber Y, (or Z/A factor) of the corresponding Earth structure
or layer: Ne(E)(r) = pg(r) Y./mn, where my is the nucleon
mass. For isotopically symmetric matter Y, = 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 Y, in the interval
Y2¢ = 0.466-0.471 (see, e.g., [3,68-71]). The value of Y,
in the mantle is closer to 0.5 [3,8]: Y"*" = 0.490-0.496. In
this study we will use the following default values of Y, in
the mantle and the core: Y"*" = 0.490 and Y = 0.467.7
Asis well known, for NO (IO) neutrino mass spectrum, the
matter effects can lead to strong enhancement of the neutrino
(antineutrino) transition probabilities of interest P(v, —
vg) = Pyp and P(iy — bg) = Pup, & # B = e, 11, and
o = e, B = 1, for neutrino energies £ ~ (6-10) GeV and
~ (3-5) GeV, corresponding respectively to the resonance
in the mantle [64,65,72] (see also [66]) and to the mantle-
core interference (NOLR) effect [58]. Although most of the
Earth density dependent effects are contained in the energy
interval E ~ (2-10) GeV, we will perform our analysis in a
large energy interval, £ = (2-100) GeV, since, in particular,
due to the not very good ORCA energy resolution at low

> The relative density deviations from the PREM reference densities to
which ORCA may be sensitive we are going to derive do not depend
on the specific choices of Y,"*" and Y, (see further).
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energies (see further), the matter effects can appear above 10
GeV in the reconstructed neutrino energy.

For the unoscillated fluxes of atmospheric v, v,, and v,
Ve, @y (6, E) and o, (6n, E), we use azimuth-averaged dou-
ble differential d2®, /(d cos 6,d E) and d*® /(d cos 6,d E)
updated fluxes from [55] © at the Frejus cite which is close
to the ORCA site. The “source” of atmospheric neutrinos
is assumed to be a layer located at 15 km above the Earth
surface.

The energy spectra and nadir angle dependencies of the
fluxes of atmospheric neutrinos crossing the Earth before
reaching the detector are modified by the neutrino oscilla-
tion probabilities P,g and }30,,3, a=e,u B =e, u,t. The
Earth is divided into five principal shells: inner core, outer
core, lower mantle, transition zone, and upper mantle. The
radial distances where there is a transition between the lower
mantle and transition zone, and the transition zone and upper
mantle are at 5714.8 km and 6014.2 km, respectively. For
sub-horizon trajectories (6, < 90°), the effects of Earth mat-
ter on Pyg and Py are calculated up to the second order in
Magnus expansion in each Earth shell as described in [73].
The variation of density in each of the five shells is described
by a bi-quadratic polynomial as was done in [73-75]. The
coefficients in these polynomials are fixed by the require-
ment to reproduce in the corresponding shell the variation
of density in the PREM model. Thus, the change of density
in each shell as described by PREM is taken into account,
i.e., we do not use the constant density approximation in the
shells.

The oscillation probabilities of interest Pyg and I3a5
depend on all the oscillation parameters Am%l 23)° Am%l
sin? 615, sin? 013, sin? 6»3 and &, where Am%1(23) corresponds
to NO (IO) neutrino mass spectrum, and § is the Dirac CP
violation phase (see, e.g., [25]). In our analysis we use the
following reference (true) input values of Am%l 23) Am%1

sin2 )2, sin? 013 and 8 [76]:7

Am3) 53, =2.50 x 1077 eV?, 2)
Am3, =7.54 x 107%eV?,  sin® 6, = 0.308, A3)
sin? 0y = 0.0215, § = 37/2. 4)

For neutrino energies of interest the probabilities Pyg and
1305/3 exhibit rather strong dependence on 6,3 [61,78-80] (see
also [25]). This parameter and the CP violation (CPV) phase
§ are still determined in the global analyses of the neutrino
oscillation data with a relatively large uncertainty (see, e.g.,

[76,77]). In the statistical analysis we perform we vary the

6 More precisely, we use the “solar minimum, without mountain over
the detector” fluxes at the Frejus cite from the tables given in the web
site quoted in [55].

7 The reference values we use are compatible within 1o C.L. with the
best fit values obtained in the latest global analysis in [77].

true value of sin? 653 in the range sin? 023 € [0.4, 0.6]. The
test value of sin? 6»3 is left free in the interval [0, 1], without
any external prior. The true value of § is fixed at 37/2, but
its test value is left free in the interval [0, 277 ], also without
any external prior. The effects of the deviations of the test
values of Am%l 23) and sin? 63 from their true values are
taken into account through the pull method [81], assuming
the 1o uncertainties reported in [76]. These uncertainties are
somewhat larger than those reported in the latest global data
analysis in [77], but this does not have a significant effect on
our results. The test values of Am%1 and sin2 0}, are kept fixed
at their true values. The analysis is performed assuming that
the type of neutrino mass spectrum — with normal ordering
or with inverted ordering — is known.

2.2 Total Earth mass constraint

In order to estimate the sensitivity of the ORCA detector to
the IC, OC, core (IC + OC) and mantle densities, we vary the
density in each of these four structures. We do this variation
in one structure at a time and implement the total Earth mass
constraint by compensating that variation by corresponding
change of the density in one of the other structures. To be
more specific, the total Earth mass in the case of interest is
given by:

Rg
Mg = / 47TpE(r)r2dr
0

Ric Rc
=4n [/ prc(r)ridr + / poc(r)ridr
0 R

IC

Rg
+ / pman(r)rzdr} : Q)
R,

C

where pic(r), poc () and pmant () are the IC, OC and mantle
densities as a function of r and Rjc, Rc and Rg were defined
and their values given earlier. For simplicity we did not indi-
cate in Eq. (5) the division of the mantle in three layers we
employ. As we have discussed, the variation of density in
each of the five layers we consider (IC, OC and the three
mantle layers) is parametrised by bi-quadratic polynomials
in such a way as to reproduce the change of density in the
PREM model. When we change the density in a given layer
pi(r), i =1IC, OC, man, by a factor (1 + «;), where «; is r-
independent real constant, it means that we multiply the cor-
responding density distribution by the same factor: p; (r) —
(1+x;) pi (r). We will present results on sensitivity of ORCA
to Ap; = 100% ((1 + &) pi (r) — pi(r))/pi(r) = 100% k;.
It follows from Eq. (5) that when we increase (decrease) the
density in one layer, in order to keep Mg unchanged, we
have to decrease (increase) the density in one of the two, or
in both, other layers. The factor by which that has to be done
depends on the relative volumes of the layers.

@ Springer
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The approach thus described in the preceding paragraph is
implemented in our analysis. When we consider the variation
of IC density pic(r), we study two cases: we compensate it
by the corresponding change of density of i) the outer core
poc(r), and ii) of the mantle pman (7). We proceed in a simi-
lar way when we analyse the sensitivity of ORCA to the OC
and mantle densities poc(r) and pman (): in these two cases
we investigate respectively two and three ways of compen-
sating the variation of the respective densities - by the change
of pic(r) or of pman(r), and by the change of pic(r) or of
poc (r) orelse of pic(r)+ poc(r) = pc(r). We consider also
the sensitivity of ORCA to the core density pc(r). In this
case the variation of pc(r) is compensated by the change of
Pman (7). In order to assess the effect of the Earth total mass
constraint we obtained results on the ORCA’s sensitivity to
the mantle, outer core, inner core and total core densities
without imposing this external constraint.

The method of implementing the total Earth mass con-
straint using the average 10, OC, core and mantle densities,
although less precise, gives quite similar results. We give an
example of how the method we employ works by varying the
average OC density and compensating this variation with a
change of the average mantle density. The average densities
of the mantle and the outer core are p,q, = 4.45 g/cm3 and
poc = 10.90 g/cm?, respectively. The contribution to the
mass of the Earth depends also on the volume of the layer.
The ratio between the volume of the mantle and the volume
of the outer core is approximately 5.3. Therefore, a change
the outer core density by, e.g., 10%, should be compensated
with a variation of the mantle density by 10% x 10.90/(4.45 x
5.3) =4.62%.

As we have indicated, the neutrino oscillation probabil-
ities relevant for our analysis depend on the Earth electron
number density NéE) and not directly on the Earth matter
density pg(r): Ne(E) (r) = pp(r) Yo/mn. In our analysis we
fixed the electron fraction numbers (or the Z/A factors) of
the mantle and the core to the following reference values:
Y = 0.490 and Y¢ = 0.467. Therefore when we vary
pic(r), poc(r) pc(r) and pman (r) we vary the electron num-
ber densities in these layers, Ne(l)(r), i = IC, OC, C, man.
For any fixed value of Y/ of a given layer, the quantity
Ap; we will determine statistically from prospective ORCA
data does not depend on Y!. As a consequence we have:
Api = 100% (1 +k)Ni(r) — Ni(r))/Ni(r) = AN e,
our results on sensitivity of ORCA to Ap; are also results
on sensitivity of ORCA to deviations of the electron num-
ber densities of the different Earth layers from their PREM
reference values.

We note also that the uncertainties in the values of Y;"¢"
and Y{ [3,68-70] induce uncertainties in the sensitivity of
ORCA to the IC, OC, core and mantle matter densities which
are much smaller than those due to the combination of statis-
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tical and systematic errors in the ORCA data. For this reason
we did not take them into account.

2.3 Simulation of events in ORCA

We calculate the principal observables in ORCA detector —
the double differential event spectra in the neutrino energy
E and nadir angle 6, using the methods developed and
described in [56,75]. We comment briefly on some of the
technical aspects of the calculations.

The neutrino events in ORCA are divided into two
classes [32]: “track-like” and “cascade-like”. Track-like
events involve an outgoing ©~ or u™ and originate from
charged current (CC) interactions of vy, v, and v, vg.
Cascade-like events result from CC interactions of v,, v,
and v¢, V7, and from neutral current interactions and consist
of hadronic and electromagnetic showers.

The ORCA “Letter of Intent” [32] contains estimates of
the probabilities of flavour-misidentification as well as of
identifying the t and the neutral current events as track or
cascade events. We include this information from [32] in our
analysis.

The relevant detection characteristics of ORCA — the
energy and angular resolutions and the dependence of the
effective volumes for the different types/classes of events on
the initial neutrino energy - are taken from [32] and corre-
spond to the benchmark (9 m vertical spacing) configuration
of the ORCA experiment. Note that in [32] such characteris-
tics are only provided in graphical form, whereas the analyti-
cal formulas that have been implemented in our code, as well
as the relevant factors, are obtained through private commu-
nication with the experimental collaboration, as it also hap-
pened in [56], where one of the authors of this work was
involved.

In our analysis we consider E € [2, 100] GeV and 6, /7 €
[0, 0.5]. These two ranges are divided into 20 equally-spaced
bins (linearly for 6,, and logarithmically for E), for a total of
400 bins for cascade events and an equal number for track
events.

The statistical analysis of ORCA event distributions is
performed employing the x > method described in [75]. In the
analysis we include, in addition to the statistical uncertainties,
the following systematic uncertainties [56]:

1. oscillation and normalization uncertainties, where the lat-
ter include an overall normalization error (15%), as well
as the relative p/e and v/v flux uncertainties (8% and
5%, respectively);

2. energy-scale (5%) and energy-angle resolution uncer-
tainties (10%), independently for cascade and track
events;

3. energy-angle spectral shape uncertainties, via quartic
polynomials in both 6, and E. These are meant to char-
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acterize systematic effects including: uncertainties in
the primary cosmic ray fluxes, differential atmospheric
neutrino fluxes and cross sections and, to some extent,
energy-angle detection efficiencies;

4. residual uncorrelated systematics in each bin, represent-
ing the presence of unknown uncertainties, like those
coming from a finite Monte Carlo statistics in experi-
mental simulations.

We define as “minimal” set of systematics the one includ-
ing only those described in point (1) in the preceding list.
When we add the uncertainties at point (2), (3) and (4),
assuming a prior of 0.75% (1.5%) on the coefficients of the
quartic polynomials and a 0.75% (1.5%) uncorrellated error
in each bin, we obtain our “optimistic” set (‘“default” set).
Finally, if we instead consider a 3% uncertainty on polyno-
mial coefficients and uncorrelated errors we get our “conser-
vative” set. All the systematics mentioned above are imple-
mented using the pull method [81].

3 Results

In the next five subsections we present the results of our
analysis on the sensitivity of ORCA to the (i) OC density
poc (), (i1) IC density poc(r), (iii) total core density pcore (')
and (iv) mantle density pman (7). In each case we impose the
total Earth mass constraint, compensating the variation of the
density in a given layer by corresponding changes of density
in one of the other layers. In other to assess the effects of this
constraint we show also results without imposing it.

To illustrate the dependence of the sensitivity of ORCA on
the systematic uncertainties we obtained results for the four
types of possible systematic uncertainties, which can affect
significantly the sensitivity of ORCA and which are still
not well determined: the “minimal”, “optimistic”, “default”
and “conservative” sets defined earlier. We choose to present
results only for the “minimal”, “optimistic” and “conserva-
tive” sets of uncertainties.

As we have discussed earlier, in the analysis we have per-
formed we kept § and sin? 03 fixed to certain values. We
have obtained results for § = 37 /2 and eleven values of
sin? 03 from the interval [0.40, 0.60]. In what follows we
present results for three reference values of sin® 623 = 0.42,
0.50 and 0.58,% which belong to, and essentially span, the
30 range of allowed values of sin? 63 obtained in the latest
global neutrino data analyses [77,82]. All results are obtained
assuming 10 years of ORCA operation. In Sects. 3.1-3.4 we

8 The results for the additional values of sin? 653 are used to assess the
effects of the Earth hydrostatic equilibrium conditions on the results
derived accounting for the Earth mass constraint (see further).

present results for NO neutrino mass spectrum. Results for
10 spectrum are reported in Sect. 3.5.

One more comment is in order. It follows from the seis-
mological data as well as the condition of hydrostatic equi-
librium of the Earth that the following inequalities should
always hold:

Pman < Poc =< pIC- (6)

These constraints are not a priori satisfied when we vary the
density in a given layer and compensate it with a change
of density in another layer. However, we indicate in each
specific case what are the restrictions they lead to whenever
these restrictions are relevant.

3.1 Sensitivity to the Outer Core Density

In the present subsection we show results on the sensitivity
of ORCA to the OC density in the cases of mantle and IC
being the “compensating” layers and when the total Earth
mass constraint is not imposed.

3.1.1 Compensation with Mantle Density

Figure 1 illustrates the sensitivity of ORCA to poc(r) when
the Earth total mass constraint is implemented and the OC
density variation is compensated with a corresponding man-
tle density change. The figure shows the x2-distribution as
a function of the OC relative density variation with respect
to the PREM value, Apouter core- The results shown are for
sin? 03 = 0.42, 0.50, 0.58 (left, center and right panels)
and in the cases of “minimal”, “optimistic”’ and ‘“conser-
vative” systematic errors (top, middle and bottom panels).
All y2-distributions in Fig. 1 have a symmetric, or slightly
asymmetric, Gaussian form. As follows from Fig. 1, in the
case of “minimal” systematic errors, ORCA can determine
the OC density at 30 with an uncertainty of (— 33%)/+
23%, (— 24%)/+ 18% and (— 18%)/+ 15% respectively for
sin? 023 = 0.42, 0.50, 0.58. The positive (negative) values
correspond to Apouter core > 0 (Apouter core < 0). In the
case of “conservative” systematic errors, the sensitivity is
noticeably worse: (— 43%)/+ 39%, (— 37%)/+ 30% and (—
30%)/+ 24% for sin? 623 = 0.42, 0.50, 0.58, respectively.
For sin” 653 = 0.58 (0.50), the sensitivity is worse approxi-
mately by a factor of (1.6-1.7) (of 1.5 (of 1.7) for negative
(positive) Apouter core)- As could be expected, in the case of
“optimistic” systematic errors the sensitivity of ORCA under
discussion is somewhat worse (better) than that obtained with
“minimal” (“‘conservative”) systematic errors.

Working in the considered case with the average PREM
values of ppan = 4.45 g/cm3, poc = 10.90 g/cm3 and
pic = 12.89 g/em?, it is not difficult to show that the
inequalities in Eq. (6) imply approximately (—49.6%) <
Apouter core S 18.3%. In what concerns the derived ORCA

~
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Fig. 1 Sensitivity to the OC density in the case of NO spectrum and
10 years of data. The Earth total mass constraint is implemented by
compensating the OC density variation with a corresponding mantle
density change. The results shown are for sin 63 = 0.42, 0.50, 0.58

30 sensitivity ranges of Apouter core, the lower limit from the
external constraint (6) has no effect on them. The effect of
the upper limit of 18.3% depends on the type of implemented
systematic errors and on the value of sin? 653: the smaller the
systematic errors and/or the larger sin’ 63, the smaller the
effect is. In the case of “minimal” systematic errors, the indi-
cated upper limit has no effect on the ORCA 3o sensitivity
ranges for any sin? 6,3 > 0.50; for sin? 6,3 = 0.42 it cor-

~
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outer core

outer core

(left, center and right panels) and in the cases of “minimal”, “optimistic”
and “conservative” systematic errors (top, middle and bottom panels).
See text for further details

responds to the maximal value of the ORCA 20 sensitivity
range. For the set of “optimistic” systematic errors, 18.3%
represents approximately the maximal value of the 20, 2.40
and 2.60 ORCA sensitivity ranges for sin” 63 = 0.50, 0.54
and 0.58, respectively. The effect of the discussed constraint
is largest for the ranges of interest obtained with conservative
systematic errors: 18.3% corresponds, e.g., to the maximal
value of the ORCA 1.9¢ sensitivity range at sin” 653 = 0.58.
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Fig. 2 The same as in Fig. 1, but with the Earth total mass con-
straint implemented by compensating the OC density variation with
a corresponding inner core density change. The results shown are for

3.1.2 Compensation with Inner Core Density

In Fig. 2 we present results on the sensitivity of ORCA to the
OC density when the Earth total mass constraint is imple-
mented and the OC density variation is compensated with a
corresponding IC density change. All x >-distributions shown
in Fig. 2 have an asymmetric non-Gaussian form. As Fig. 2
indicates, in this case ORCA is not sensitive to OC densities
which are larger than the PREM OC density. This is due, in
particular, to the fact that the IC mass is much smaller that the

outer core

outer core

sin? 63 = 0.42, 0.50, 0.58 (left, center and right panels) and in the
cases of “minimal”, “optimistic” and ‘““‘conservative” systematic errors
(top, middle and bottom panels). See text for further details

OC mass and only an insignificant increase of the OC density
can be compensated by a decrease of the IC density. The wig-
gles seen in Fig. 2 reflect the dependence of the relevant oscil-
lation probabilities on the correlated modifications of the OC
and IC densities. In the case of “minimal” systematic errors
and Apouter core < 0, ORCA can determine the OC density
for sin? 623 = 0.42, 0.50, 0.58 with an uncertainty respec-
tively of (— 39%), (— 37%) and (— 35%) at 30 C.L. In the
case of “conservative” systematic errors, the sensitivity reads
(— 46%), (— 45%) and (— 38%) for sin’ 63 = 0.42, 0.50,

@ Springer
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Fig. 3 The same as in Fig. 1, but without implementing the Earth total mass constraint. The results shown are for sin? 63 = 0.42, 0.50, 0.58 (left,
center and right panels) and in the cases of “minimal”, “optimistic” and “conservative” systematic errors (top, middle and bottom panels). See text

for further details

0.58, respectively. All these values are bigger than the exter-
nal constraint (-49.6) < Apouter core following from Eq. (6).
There is a relatively weak dependence on both sin” 653 and
the type of the implemented systematic uncertainty within
those considered by us. The sensitivity to OC density in this
case is much worse than in the case when the mantle is used
as a “compensating” layer, considered earlier.

@ Springer

3.1.3 Without compensation

We get very different results on the sensitivity of ORCA to
the OC density when the total Earth mass constraint is not
implemented. This case is unphysical, except for insignifi-
cant deviations of the OC density from the PREM value. The
corresponding results are shown in Fig. 3. The x> depen-
dence on Apguer core 1S asymmetric and non-Gaussian. The
sensitivity is, in general, much worse than in the case of
enforcing the total Earth mass constraint with mantle being
the “compensating” layer. Even in the “most favorable” case
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Fig. 4 Sensitivity to the IC density. The Earth total mass constraint (i)
is implemented by compensating the IC density variation with a corre-
sponding mantle density change (top panels), (ii) is not implemented

of “minimal” uncertainties and sin> 623 = 0.58, for example,
ORCA can be sensitive at 3o only to relatively large devia-
tions of OC density from the PREM value, which are ~ 38%
for Apouter core < 0 and are larger for Apouter core > 0.

3.2 Sensitivity to the inner core density

Our results show that ORCA is essentially insensitive to devi-
ations of the IC density from the PREM value, corresponding
t0 | APinner core] < 100%. This conclusion is valid for all val-
ues of sin® 63, all possible “compensating” layers and all
possible systematic uncertainties considered. Although the
IC density is largest in the Earth, the IC volume, as given by
PREM, is much smaller than the OC and mantle volumes. As
a consequence, the IC contribution to the Earth total mass is
also much smaller that the OC and mantle contributions.
The sensitivity of ORCA to the IC density is illustrated
in Fig. 4 in the case of “minimal” systematic uncertainties.
The top panels are obtained by imposing the Earth total mass
constraint and compensating the IC density variation with a
corresponding mantle density change, while in the bottom
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(bottom panels). The results shown are for sin? 6p3 = 0.42, 0.50, 0.58
(left, center and right panels) and in the case of “minimal” systematic
errors. See text for further details

panels we show results derived without implementing this
constraint.

3.3 Sensitivity to the core density

In the present subsection we present results on the ORCA
prospective sensitivity to the total core density. They are
obtained by considering deviations of the IC and OC den-
sities by the same constant scale factor from their respective
PREM densities. We consider two cases: (i) compensating
the variation of the core density by corresponding change of
the mantle density so as to satisfy the total Earth mass con-
straint, and (ii) not imposing the total Earth mass constraint
when varying the total core density.

3.3.1 Compensation with mantle density

Figure 5 illustrates the sensitivity of ORCA to the total core
density pc(r) when the “compensating” layer is the mantle.
In the figure, the Xz-distribution is shown as a function of
the core relative density variation with respect to the PREM
value, Apcore- As in the other considered cases, the reported
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Fig. 5 Sensitivity to the core density in the case of NO spectrum and
10 years of data. The Earth total mass constraint is implemented by
compensating the core density variation with a corresponding mantle
density change. The results shown are for sin? 63 = 0.42, 0.50, 0.58

results are for sin? 63 = 0.42, 0.50, 0.58 (left, center and
right panels) and in the cases of “minimal”, “optimistic”
and “conservative” systematic errors (top, middle and bot-
tom panels).

According to our results, the sensitivity of ORCA to
Apcore for the three types of systematic errors considered
are similar to, or somewhat better than, the results on ORCA
sensitivity to Apouter core When OC density change is com-
pensated by mantle density change, reported in Fig. 1. All x -

@ Springer

core

core

(left, center and right panels) and in the cases of “minimal”, “optimistic”
and “conservative” systematic errors (top, middle and bottom panels).
See text for further details

distributions in Fig. 5 have a symmetric or slightly asymmet-
ric Gaussian form. In the case of “minimal” systematic errors,
ORCA can determined the core density at 3o with an uncer-
tainty of (— 29%)/+ 24%, (— 20%)/+ 18% and (— 15%)/+
15% respectively for sin? 63 = 0.42, 0.50, 0.58. In the case
of “conservative” systematic errors, the sensitivity reads:
(— 40%)/+ 38%, (— 35%/+ 30% and (— 28%)/+ 24% for
sin? 03 = 0.42,0.50, 0.58, respectively. For sin” 653 = 0.58
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Fig. 6 The same as in Fig. 5, but without implementing the Earth total mass constraint. The results shown are for sin? 63 = 0.42,0.50, 0.58 (left,
center and right panels) and in the cases of “minimal”, “optimistic” and “conservative” systematic errors (top, middle and bottom panels). See text

for further details

(0.50), it is worse by a factor of ~ (1.6—1.9) than the sensi-
tivity corresponding to “minimal” systematic errors.

The constraint p,,5;, < pPcore iMmplies maximal negative
Apcore of (-57%), which has no effect on the 30 maximal
negative variation of ppc to which ORCA might be sensi-
tive.”

9 Adding the Earth moment of inertia constraint, would fix (up to the
uncertaities in the constraints) the values of p,,4, and pcore. This case
will be considered elsewhere.

3.3.2 Without compensation

The sensitivity of ORCA to the core density when the total
Earth mass constraint is not implemented is similar to that of
the OC density under the same conditions (see Fig. 3). The
results corresponding to this case are presented in Fig. 6.
The x?2 distributions shown in Fig. 6 as a function of Apcore
are asymmetric and non-Gaussian. Compared to the case of
enforcing the total Earth mass constraint with mantle being
the “compensating” layer, the sensitivity is much worse. It
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Fig. 7 Sensitivity to the mantle density in the case of NO spectrum
and 10 years of data. The Earth total mass constraint is implemented
by compensating the mantle density variation with a corresponding OC
density change. The results shown are for sin? 63 = 0.42, 0.50, 0.58

follows from Fig. 6, in particular, that for sin? 63 = 0.58
and “minimal” systematic uncertainties, which are the “most
favorable” conditions ensuring the highest sensitivity, ORCA
can be sensitive at 3o C.L. only to relatively large deviations
of the core density from that given by PREM, namely, to
~ 38% for Apcore < 0 and to much larger deviations for
Apcore > 0.
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(left, center and right panels) and in the cases of “minimal”, “optimistic”
and “conservative” systematic errors (top, middle and bottom panels).
See text for further details

3.4 Sensitivity to the mantle density
3.4.1 Compensation with outer core density

Our results show that ORCA will have rather high sensitivity
to the Earth mantle density if OC (or total Earth core) is used
as a compensation layer when imposing the total Earth mass
constraint. They are presented graphically in Fig. 7 in which
we show 2 versus A pmanie With OC being the compensating
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layer. The results correspond, as in the previous cases, to
sin? 03 = 0.42, 0.50, 0.58 (left, center and right panels)
and “minimal”, “optimistic” and “conservative” systematic
errors (top, middle and bottom panels).

The X2 dependence on Apmange in Fig. 7 has symmet-
ric or slightly asymmetric Gaussian form. As follows from
Fig. 7, ORCA can determine the mantle density 3o with an
uncertainty of (— 11%)/+ 13%, (— 9%)/+ 11% and (— 6%)/+
8% for sin? 023 = 0.42, 0.50, 0.58, respectively, and “min-
imal” systematic errors. The sensitivity of ORCA is some-
what worse in the case of “conservative” systematic errors:
for sin? 63 = 0.42, 0.50, 0.58 the uncertainties of interest
are given at 30 C.L. respectively by (— 17%)/+ 20%, (—
13%/+ 17% and (— 11%)/+ 14%, implying still a relatively
high ORCA sensitivity to pman. Depending on the value of
sin? 63, the uncertainties are larger than those corresponding
to “minimal” systematic errors approximately by factors of ~
(1.4-1.8). We find that for “optimistic” systematic errors the
uncertainty under discussion for sin? 6,3 = 0.42, 0.50, 0.58
at 30 C.L. reads, respectively: (— 14%)/+ 17%, (— 10%)/+
13% and (— 8%)/+ 10%. As can be expected, it is somewhat
larger (smaller) than the ORCA uncertainty corresponding
to “minimal” (“conservative”) systematic errors.

As can be shown, the conditions in Eq. (6) imply
(—8.3%) < Apmantie < 22.8%. These conditions do not
restrict from above the the ORCA 3o sensitivity range of
ApPmantle > 0 even in the case of “conservative” system-
atic errors. The maximal negative variation of Apmante Of
(-8.3%) restricts from below the ORCA sensitivity ranges
derived employing the Earth mass constraint, the smaller the
systematic erors and/or the larger sin’ 6,3, the smaller the
effect of the external condition Apmante =, — 8.3% is. In
the case of “minimal” systematic errors, Apmante = —8.3%
corresponds to the minimal values of the ORCA 20, 2.40,
2.80 and 3.00 sensitivity ranges derived for sin” 653 = 0.46,
0.50, 0.54 and 0.58, respectively. With implemented “opti-
mistic” systematic errors, it coincides with the minimal val-
ues of the ORCA 2.00, 2.40 and 2.70 sensitivity ranges for
sin? 6r3 = 0.48, 0.54 and 0.58. And in the case of “conser-
vative” systematic errors, it is equal to the minimal value of
the 2.00 sensitivity range for sin® 63 = 0.58.

With maximally reduced systematic errors and certain fur-
ther improvements (e.g., the discussed “favorable” 6 m ver-
tical spacing configuration of ORCA experiment [32] or the
Super-ORCA version of the detector [83]) the ORCA sensi-
tivity to negative Apmanie might increase sufficiently so that
the external constraints (—8.3%) < Apmante Would have no
effect on the ORCA 30 sensitivity to negative Apmantle-

3.4.2 Compensation with inner core density

We get quite different results when IC is used as a “compen-
sating” layer. They are presented in Fig. 8. The sensitivity

of ORCA to pman is still very high for Apmange < 0. For
Apmantle > 0 ORCA practically is not sensitive to pman. AS
in the similar case of variation of

poc compensated with a change of pic, this is a consequence
of the fact that the IC mass is much smaller than the mantle
mass and only insignificant increase of the mantle mass can
be compensated by decreasing the IC mass.

As Fig. 8 indicates, in the considered case ORCA can
determine the mantle density at 3o C.L. with an uncertainty
Apmantte of (— 14%), (— 12%) and (— 8%) for sin? 63 =
0.42, 0.50, 0.58, respectively, and “minimal” systematic
errors. The sensitivity of ORCA in the case of “conserva-
tive” systematic errors and sin? 63 = 0.42, 0.50, 0.58 cor-
responds at 30 C.L. respectively to Apmante of (— 22%), (—
18%) and (— 14%). We find that for “optimistic” systematic
errors the uncertainty under discussion for sin 6,3 = 0.42,
0.50, 0.58 at 30 C.L. reads, respectively: (— 16%), (— 14%)
and (— 9%).

3.4.3 Without compensation

The sensitivity of ORCA to the mantle density pman When
the total Earth mass constraint is not imposed is significantly
worse than in the case of imposing it and OC is used as a
compensating layer. The results corresponding to this case
are reported graphically in Fig. 9. The x> dependence on
Apmantle in Fig. 9 has somewhat asymmetric Gaussian form.
According to Fig. 9, ORCA can determine the mantle density
at 30 C.L. when the total Earth mass constraint is not imple-
mented with an uncertainty Apmange of (— 14%)/+ 20%, (—
11%)/+ 17% and (— 9%)/+ 12% for sin” 63 = 0.42, 0.50,
0.58, respectively, and “minimal” systematic errors. In case
of “optimistic” and “conservative” systematic errors we get
for sin? 63 = 0.42,0.50, 0.58 respectively (— 17%)/+ 24%,
(— 13%)/+ 18%, (— 10%)/+ 13% and (— 22%)/+ 36%, (—
18%)/+ 25%, (— 14%)/+ 18%. Depending on the value of
sin? 0,3, the 30 uncertainty in pmange in the case of “con-
servative” systematic errors is larger than that for “minimal”
systematic errors by a factor of ~ (1.5-1.8).

3.5 Results for IO neutrino mass spectrum

We have performed exactly the same analysis (“minimal”,
“optimistic”, “default” and “conservative” sets of systematic
errors, eleven values of sin? 63 from the interval [0.40, 060],
8 = 3m/2, implementing the total Earth mass constraint and
not imposing it) assuming IO neutrino mass spectrum. In
all cases considered we find that the sensitivity of ORCA
detector to deviations of the densities of the different Earth
structures (IC, OC, core, mantle) from their respective PREM
reference values is significantly worse than that in the case
of NO neutrino mass spectrum. This is essentially due to the
fact that for the IO spectrum only the antineutrino oscillation
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Fig. 8 The same as in Fig. 7, but with implementing the Earth total
mass constraint by compensating the mantle density variation with a
corresponding IC density change. The results shown are for sin? 6,3 =

probabilities }3&,3, o =e, U, B =e, u,t,can be amplified
by the matter effects, while for the energies of interest the
anti-neutrino cross sections are approximately by a factor of
two smaller than the neutrino cross sections. In view of the
above we present below only selected illustrative minimal
subset of our results for the IO spectrum.

In Fig. 10 we present results on sensitivity of ORCA to the
OC and total core densities with mantle being the “compen-
sating” layer. The results shown are for sin? 63 = 0.42,0.50,
0.58 (left, center and right panels). The panels in the first two
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0.42, 0.50, 0.58 (left, center and right panels) and in the cases of “min-
imal”, “optimistic” and “conservative” systematic errors (top, middle
and bottom panels). See text for further details

rows (last two rows) in Fig. 10 illustrate the sensitivity to the
OC (core) density and are obtained using “minimal” (1st and
3rd row panels) and “optimistic” (2nd and 4th row panels)
sets of systematic errors. The x2-distributions in in Fig. 10
have symmetric or slightly asymmetric Gaussian form.

In the case of most favorable “minimal” systematic error
set, our results show that for sin® 63 = 0.42, 0.50, 0.58,
ORCA can determine the OC (core) density at 30 C.L. with
uncertainties of £ 45%, F 37% and F 30% ((— 40%)/+ 44 %,
(— 32%)/+ 36% and (— 25%)/+ 30%), respectively. For the
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Fig. 9 The same as in Fig. 7, but without implementing the Earth total mass constraint. The results shown are for sin? 6h3 = 0.42, 0.50, 0.58 (left,
center and right panels) and in the cases of “minimal”, “optimistic” and “conservative” systematic errors (top, middle and bottom panels). See text

for further details

“optimistic” and “conservative” sets of errors we get respec-
tively for the indicated three values of sin” 6»3: (— 47%)/+
52%, (— 38%)/+ 42%, (— 33%)/+ 34%, and (— 63%)/+
70%, (— 52%)/+ 57%, (— 47%)/+ 48% ((— 44%)/+ 50%,
(= 36%)/+40%, (— 30%)/+ 33%), and ((— 58%)/+ 57 %, (—
50%)/+ 53% and (— 43%)/+ 45%)).'° They should be com-
pared with the corresponding results for the NO spectrum
reported in Figs. 1 and 5. It follows form this comparison, in

10 The results for the “conservative” set of errors are not shown in Fig.
10. We quote them here for completeness.

particular, that in the case of IO spectrum the ORCA sensitiv-
ity to the OC and core densities is worse than the sensitivity
in the case of NO spectrum by factors that can be as large as
~2.5.

4 Summary and conclusions
In the present article we have investigated the sensitivity of

the ORCA detector to deviations of the Earth (i) outer core
(OC) density, (ii) inner core (IC) density, (iii) total core den-
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Fig. 10 Sensitivity to the OC (1st and 2nd row panels) and core (3rd
and 4th row panels) densities in the case of 10 spectrum and 10 years of
data. The Earth total mass constraint is implemented by compensating
the variations of the OC and core densities with corresponding mantle
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row panels) and “optimistic” (2nd and 4th row panels) sets of errors.
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sity, and (iv) mantle density, from their respective PREM
reference densities. We have considered the case when the
radial dependence of the densities of the layers of inter-
est, pi(r), i = IC,OC, core, mantle, is given by PREM
and the deviations correspond to an overall scaling factor,
i.e., have the form plf (r) = (1 + «;)pi(r), where «; is a
real positive or negative constant. The results we present on
sensitivity of ORCA are for the relative deviations of the
densities p; (r) from their PREM reference values, i.e., for
100%(p;(r) — pi(r))/pi(r) = 100%«;. The change of den-
sity in each Earth layer (IC, OC and mantle) as described
by PREM was taken effectively into account, i.e., we did not
use the constant density approximation in the considered lay-
ers and shells. The analysis was performed by studying the
effects of the Earth matter on the oscillations of atmospheric
Vs Ve, Vy and V. The relevant neutrino oscillation proba-
bilities depend on the electron number densities of the Earth
layers of interest, Ng(i): Ne(i)(r) = Ye(i)pi (r)/mn, where Yéi)
is the electron fraction number (or the Z/A factor) of the
layer i = IC, OC, core, mantle. In the analysis we have per-
formed we have set Y, of the mantle and the core to fixed
values, Y"*" = 0.490 and Y; = 0.467. Thus, when we vary
the matter density pj(r), i = IC, OC, C, man, we actually
vary the electron number density of the corresponding layer,
Né')(r), i = IC, OC, C, man. As a consequence the results
on sensitivity of ORCA to the matter densities of the differ-
ent Earth structures are results on sensitivity of ORCA to the
electron number densities of these Earth structures. They do
not depend on the chosen fixed values of ¥"*" and Y;.

For the unoscillated fluxes of the atmospheric neutrinos we
used the azimuth-averaged energy and zenith angle depen-
dent fluxes from [55] at the Frejus cite. We assumed that the
type of light neutrino mass spectrum is known and we obtain
results for both the NO and IO spectra. The relevant detection
characteristics of the ORCA set-up — the energy and angular
resolutions, the dependence of the effective volumes for the
different classes of events on the initial neutrino energy, the
prospective systematic uncertainties, etc. were taken form the
the ORCA proposal [32]. We took into account also a num-
ber of potential systematic uncertainties identified in [56] and
studied the dependence of the results on the type of system-
atic uncertainties used. The statistical errors employed in our
analysis correspond to 10 years of operation of ORCA.

In determining the sensitivity of ORCA to the densities of
the different Earth layers, which requires to consider devia-
tions of the density of a given layer from its PREM reference
density, we systematically implemented the constraint fol-
lowing the precise knowledge of the total Earth mass. This
was done by compensating the variation of the density in the
considered layer by a corresponding change of the density in
one of the other layers.

More specifically, when we consider the variation of IC
density prc(r), we studied two cases: compensating it by the

corresponding change of density of (i) the outer core poc (),
and (ii) of the mantle pman(r). We proceeded in a similar
way when we analyse the sensitivity of ORCA to the OC and
mantle densities poc () and pman (r): in these two cases we
investigate respectively two and three ways of compensating
the variation of the respective densities — by the change of
pic (r) or of pman (1), and by the change of pic (1) or of poc(r)
or else of pic(r) + poc(r) = pc(r). We considered also the
sensitivity of ORCA to the core density poc (7). In this case the
variation of pc(r) is compensated by the change of pman (7).
In order to asses the effects of the total Earth mass constraint
we presented also results without imposing it.

Following the described procedure we have derived and
reported results on the sensitivity of ORCA to the (i) OC
density poc(r), (ii) IC density poc(r), (iii) total core density
Peore () and iv) mantle density pman (7). We have derived
results for four different sets of systematic uncertainties
which can affect significantly the sensitivity of ORCA, “min-
imal”, “optimistic”, “default” and “conservative” (defined in
Sect. 2). To illustrate the dependence of the sensitivity of
ORCA on the systematic uncertainties and not burden the
presentation, we presented results only for “minimal”, “opti-
mistic” and “conservative” sets of uncertainties.

In the analysis we have performed we kept the Dirac
phase § and sin? 0,3 fixed to certain values and assumed
that mass spectrum of light neutrinos, which can be with
normal ordering (NO) or inverted ordering (IO) is known.
We have obtained results for § = 3m/2, eleven values of
sin? 0»3 from the interval [0.40, 0.60] and the two types of
neutrino mass spectrum. Rather detailed results were pre-
sented only for three reference values of sin? 63 = 0.42,
0.50 and 0.58, which belong to, and essentially span, the
30 range of allowed values of sin? 63 obtained in the latest
global neutrino data analyses [77,82], and for NO spectrum
(Sects. 3.1-3.4). We reported also results obtained assuming
10 neutrino mass spectrum (Sect. 3.5).

In our analysis the Earth hydrostatic equilibrium con-
straints given in Eq. (6) are not a priori satisfied when we vary
the density in a given layer and compensate it with a change
of density in another layer. However, we indicated in each
specific case what are the restrictions they lead to whenever
these restrictions are relevant. In general, in the cases when
they are relevant the smaller the systematic errors and/or the
larger sin? 6,3, the smaller the effect of the constraints is.

Our results show that the ORCA detector in the configura-
tion considered in KM3NeT 2.0 Lol for ORCA [32], which
we used in our analysis, is practically not sensitive to the
IC density. We find further that that the sensitivity of ORCA
to the densities of the outer core, core and mantle depend
strongly

1. on the value of sin? 63,
2. on the type of systematic errors employed in the analysis,
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3. on whether the total Earth mass constraint is implemented
or not, and

4. on the way the compensation of the density variation in
a given layer by a change of density in another layer is
implemented, i.e., on the choice of the “compensating”
layer, when the total Earth mass constraint is imposed.

It depends also strongly on the type of neutrino mass spec-
trum.

The sensitivity of ORCA to the outer core (core) and man-
tle densities is found in our analysis to be highest/maximal

(i) for the largest value of sin2 6,3 allowed by the data;
(ii) inthe case when the total Earth mass constraint is imple-
mented and the variation of the outer core (total core)
and mantle densities is compensated by changes respec-
tively of the mantle and outer core or total core densities;
(iii) and, obviously, for the “minimal” or “optimistic” set of
systematic errors.

We have shown , in particular, that in the “most favorable”
NO case of “minimal” systematic errors, sin? 6,3 = 0.58 and
implemented Earth mass constraint as in point ii), ORCA can
determine, e.g., the OC (mantle) density at 3o C.L. after 10
years of operation with an uncertainty of (— 18%)/+ 12% (of
(— 6%)/+ 8%). In the “most disfavorable” NO with imple-
mented Earth mass constraint as in point ii) but “conser-
vative” systematic errors and sin? 63 = 0.42, the uncer-
tainty reads (— 43%)/+ 39% ((— 17%/+ 20%), while for for
sin? 023 = 0.50 and 0.58 it is noticeably smaller: (— 37)%/+
30% and (— 30%)/+ 24% ((— 13%)/+ 17% and (— 11%/+
14%)).

In the case of OC (mantle) density variation compen-
sated by a change of the mantle (OC) density, the Earth
hydrostatic equilibrium constraints, Eq. (6), imply approx-
imately (—49.6%) < Apouter core < 18.3% ((—8.3%) <
Apmantie S 22.8%). In what concerns the derived ORCA
30 sensitivity ranges of Apouter core r€ported above, (i) the
lower limit from the external constraints in Eq. (6) has no
effect on them, (ii) the effects of the upper limit of 18.3%,
if any, depends on sin’ 653 and on the type of implemented
systematic errors. More specifically, the upper limit of 18.3%
has no effect on the ORCA 30 sensitivity ranges in the case
of “minimal” systematic errors for any sin’ 63 > 0.50; for
sin? 63 = 0.42, it corresponds to the maximal value of the
ORCA 20 sensitivity range. Fot the set of “optimistic” sys-
tematic errors, 18.3% represents approximately the maximal
value of the 20, 2.40 and 2.60 ORCA sensitivity ranges for
sin? 023 = 0.50, 0.54 and 0.58, respectively. The effect of
the discussed constraint is largest for the ORCA sensitivity
ranges obtained with conservative systematic errors: 18.3%
corresponds, e.g., to the maximal value of the ORCA 1.9¢
sensitivity range at sin” 23 = 0.58.

@ Springer

In a similar way, the external constraints in Eq. (6) do
not restrict from above the reported ORCA 30 sensitiv-
ity to Apmantie €ven in the case of “conservative” system-
atic errors. The maximal allowed negative variation of (—
8.3%) restricts from below the ORCA sensitivity ranges.
More specifically, in the case of “minimal” systematic errors,
Apmantle = —8.3% corresponds to the minimal values of the
ORCA 20, 2.40, 2.80 and 3.00 sensitivity ranges derived
for sin? 623 = 0.46, 0.50, 0.54 and 0.58, respectively. With
implemented “optimistic” systematic errors, it coincides with
the minimal values of the ORCA 2.00, 2.40 and 2.70 sen-
sitivity ranges for sin? 6,3 = 0.48, 0.54 and 0.58. And in
the case of “conservative” systematic errors, it is equal to the
minimal value of the 2.00 sensitivity range for sin” 6,3 =
0.58.

With maximally reduced systematic errors and certain
further improvements, e.g., the discussed “favorable” 6
m vertical spacing configuration of ORCA experiment
[32] or the Super-ORCA version of the detector [83],
the ORCA sensitivities to positive Apouter core (N€gative
Apmantle) might increase sufficiently so that the external con-
straint Apouter core 5 18.3% ((—8.3%) ,S ApPmante) Would
have no effect on the ORCA 3o sensitivity to positive vari-
ations of poc compensated by changes of pmanie (negative
variations of pmanie compensated by changes of poc).

The uncertainties in the determination of the outer core,
total core and mantle densities by ORCA in the case of NO
spectrum, according to our results, are considerably larger
if the total Earth mass constraint is not implemented in the
analysis, or if it is implemented but the inner core is used as
a “compensation” layer.

We find also that the sensitivity of ORCA to the outer
core, core and mantle densities is significantly worse for
the IO neutrino mass spectrum than for the NO spectrum
(Fig. 10, Sect. 3.5). In the case of most favorable “mini-
mal” systematic error set our results show, for example, that
for sin? 63 = 0.42, 0.50, 0.58, ORCA can determine the
OC density at 30 C.L. if mantle is used as a “compensat-
ing” layer with uncertainties of F45%, F 37% and F 30%,
respectively. For the “optimistic” and “conservative” sets of
errors we get for the indicated three values of sin 6p3: (—
47%)1+ 52%, (— 38%)/+ 42%, (— 33%)/+ 34%, and (—
63%)/+70%, (— 52%)/+ 57%, (— 47%)/+ 48%. They should
be compared with the corresponding results for the NO spec-
trum reported in Fig. 1. It follows form this comparison, in
particular, that in the case of 10 spectrum the ORCA sensi-
tivity to the OC density is worse than the sensitivity in the
case of NO spectrum by factors that can be as large as ~ 2.5.
We find similarly that the sensitivity of ORCA to the core
and mantle densities for IO neutrino mass spectrum are also
worse than that in the case of NO spectrum.

On the basis of the results of these study we can conclude
that the ORCA experiment has the potential of making unique
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pioneering contributions to the studies of the Earth interior
with atmospheric neutrinos, i.e., to the neutrino tomography
of the Earth.

Note Added. While the text of this article was being writ-
ten, Refs. [84,85] appeared on the arXiv. In [84] the authors
investigated the sensitivity of the DUNE experiment to the
Earth core, lower mantle and upper mantle densities by using
prospective DUNE data on oscillations of atmospheric neu-
trinos, while in [85] prospective atmospheric neutrino DUNE
data were used with the aim of determining the radius of the
Earth core.
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Appendix A: Early Preliminary Estimates

In [53] the sensitivities of ~ 1 Mt SuperKamiokande-like
water Cerenkov detector and of ~ 100 Kt liquid argon (LAr)
detector to the Earth (outer) core density were estimated
using prospective atmospheric neutrino oscillation data. The
characteristics of the detectors and the methods developed in
[86,87] for studies of neutrino mass ordering determination
with these detectors were employed in [53].

In the case of the water Cerenkov detector, both e-like
and p-like events produced by atmospheric neutrinos with
energy E in the multi-GeV range (2—-10) GeV were taken into
account. This range was divided into eight bins of equal width
of 1 GeV. Three Earth core bins in cos 8,, 6, being the zenith
angle, were used: one corresponding to the inner core and two

equal width bins corresponding to the outer core. The atmo-
spheric neutrino fluxes from [88] were utilised in the anal-
ysis. Following [86], the energy and zenith angle resolution
functions were assumed to have Gaussian forms with quite
optimistic widths: og = 0.10 £ (0.05E) and A8, = 7° (5°).
Results for the somewhat more realistic values og = 0.15E
and A6, = 10° were also obtained. The neutrino oscillation
parameters were fixed to |Am§1(23)| = 2.50 x 107 3eV2,
Am3, = 8.0 x 1073eV? sin? 01, = 0.31, sin’ 63 = 0.50
and § = 0. In what concerns sin? 26,3, it was found that
maximal sensitivity is obtained for sin? 26013 = 0.05 and this
value was used in the study. In the x 2-analysis only statistical
errors corresponding to exposure of 10 Mty were included.
The results, e.g., on the outer core density sensitivity were
derived by changing the PREM outer core density by an over-
all fixed scale factor. The inner core and mantle densities were
kept fixed at their PREM values. It was found in [53], in par-
ticular, that in the case of NO neutrino mass spectrum and
og = 0.10 E (0.05E) and A8, = 7° (5°), a water Cerenkov
detector may have a 20 C.L. sensitivity to a 20% (15%) outer
core density deviation from its PREM density. These results
were quite discouraging.

In [53] aspects of atmospheric neutrino oscillation tomog-
raphy of the Earth with a 100 Kt prototype of LAr detector
[89-91] with magnetisation over the detector’s volume [92]
have been investigated using the characteristics of the detec-
tor considered in [87]. The results of this study were not pub-
lished since the technical characteristics of the proposed LAr
detector were evolving continuously (the mass of the detector
was reduced, the magnetisation option was abandoned, etc.)
and eventually the “realistic” design of the detector differed
significantly from that used in the study.

We show graphically in Fig. 11 the results obtained in
[54] on PINGU sensitivity to the inner core, outer core and
mantle densities for NO spectrum and after 10 years of oper-
ation. The PINGU characteristics used in the analysis were
taken from [30], while the atmospheric neutrino fluxes are
from [45]. Both e-like and p-like events were included in the
study. The total Earth mass constraint was not implemented
and only the statistical uncertainties were accounted for in
the analysis. The results shown in Fig. 11 were obtained for
the following (true) values of the neutrino oscillation param-
eters: Am3, 3 = 2.46x 1072 V2, Am3; = 7.6x1077 eV?
sin? B15 = 0.32, sin? 63 = 0.50 and § = 0. The parameter
sin? 26,3 was varied in the interval (0.020—0.025). The sensi-
tivities of interest were calculated with and without marginal-
isation over Am% 123)° 63 and 013. The differences between
the two sets of results depend on the deviations from the
PREM densities considered but are typically smaller than
one unit of the relevant x2 function. According to the results
obtained in [54] and illustrated graphically in Fig. 11, in the
case of NO neutrino mass spectrum, PINGU in the config-
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Fig. 11 PINGU prospective sensitivity to the inner core (left panel),
outer core (middle panel) and mantle (right panel) densities in the case
of NO spectrum and 10 years of data. The ratios Ap/p in the three
panels correspond respectively to Apinner cores APouter core ANd APmantle

uration proposed in [30] and after 10 years of data-taking
will have a rather good sensitivity to the outer core and man-
tle densities and essentially no sensitivity to the inner core
density. More specifically, it follows from Fig. 11, in par-
ticular, that for, e.g., sin? 63 = 0.5, PINGU may be sensi-
tive at 30 C.L. to Apouter core = *£17% and at 2.5¢ C.L. to
Apmantle = £5%.
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