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Atmospheric neutrinos open the way to alternative probing methods to study the structure and
composition of the inner Earth, complementary to geophysical methods. At GeV energies, the
flavour oscillations of neutrinos crossing the Earth are distorted due to coherent forward scattering
on electrons along their path. The signature of these matter effects in the neutrino angular, energy
and flavour distributions may provide sensitivity to the electron density, and thus the composition,
in the different layers traversed.

The combination of this neutrino-based measurement with a reference mass density profile con-
strains the effective proton-to-nucleon ratio of the medium (Z/A). Since this parameter varies
among chemical elements, this technique has the potential to provide unprecedented insights into
the chemical composition of the core. Current geophysical data require the presence of a few wt%
of light elements inside the iron core, whose nature and amount remain controversial.

Such a measurement requires large-sized neutrino detectors with good efficiency in the relevant
energy range and precise determination of the neutrino energy, arrival direction, and flavour. Con-
sidering a generic but realistic model of detector response, we discuss the influence of various
detector performance indicators on the sensitivity to the average Z/A in the core. Starting from
specific examples of the next-generation detectors (ORCA, DUNE), we also identify the main
improvements required to reach a measurement of the H content of the core at the 1 wt% level.
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1. Introduction

Our knowledge on the structure and composition of the deep Earth, described as a metallic
core surrounded by a silicate shell, is essentially indirect and based on the inversion of seismic
data, geodetic measurements and experimental petrology. The mantle, representing the largest
fraction of the Earth’s volume, comprises an upper (from the base of the crust to about 400km
depth) and a lower (660-2900 km depth) region, separated by the transition zone. To first order, the
mantle is considered to have uniform chemical composition (pyrolite). The Earth’s core is believed
to be mostly formed of Fe-Ni alloy, and subdivided into a solid inner core with an approximate
radius of 1200 km, surrounded by the molten outer core. The combination of seismic data with
constraints on the radius, total mass and momentum of inertia can be used to infer the radial matter
density profile of the Earth, as described e.g. in the Preliminary Reference Earth Model (PREM) [1]
developed in the early *80s. The main features of the PREM profile are illustrated in Fig. 1.

As first proposed in [2], comparison between the PREM model and high-pressure/high-tem-
perature properties of Fe-Ni alloys shows that the density jump at the inner core boundary (ICB) as
well as the seismic velocities in the core required the presence of a few percents in weight (wt%) of
light elements. Si, O, S, C and H (and some of their combinations) are the most popular elements
that have been considered so far [3]. But the precise nature and amounts of the light element(s)
involved cannot be fully determined based on seismology and high pressure/high temperature ex-
perimental petrology or ab initio calculations alone, and models of core composition must rely also
on specific scenarios of Earth formation [4]. Amongst the different light elements, H has received
a renewed interest in the past years based on high-pressure/high-temperature experiments that con-
firmed the possibility to put a significant amount of H in the core [5]. H is the most abundant
element in the proto-solar nebula, and it has been argued that the incorporation of a few wt% of
H in the core was possible through the accretion of H,O-bearing materials [6]. Furthermore, the
effect of H on density and seismic velocities is such that about 1wt% of H in the outer core could
be enough to fit PREM [7], which would in turn rule out the presence of other light elements. Up
to now however, no method is available to directly constrain the amount of H in the core.

Because of their weak interactions, neutrinos can offer an alternative way of probing the struc-
ture and composition of the inner Earth, complementary to geophysical methods [8]. Atmospheric
neutrinos are particularly appealing for such studies as they span a wide range of energies and path
lengths across the Earth. At ~GeV energies, these neutrinos undergo flavour oscillations which are
modified due to coherent forward scattering on electrons [9]. The signature of these matter effects
in the angular, energy and flavour distributions of neutrinos detected at the surface may therefore
provide sensitivity to the electron density 7, in the different layers of matter traversed. The ratio of
electron density n, to mass density p,, scales with the effective proton-to-nucleon ratio (hereafter
denoted Z/A), which depends on the chemical and isotopic composition of the medium:

e M Z

TR (1.1)

where N4 is the Avogadro number and m, the nucleon mass. The combination of a neutrino-
based measurement of the electron density with the PREM mattter density profile can therefore
constrain the effective proton-to-nucleon ratio of the medium (Z/A) [10]. Since this parameter
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Outer core 20 1221.5-3480 0.4661
11 3480 - 5701 0.4954
e Upper mantle 5 5701 - 6346 0.4954
con |t | Crust 2 6346 - 6368 0.4956
1

Lower mantle

Density [g/cm’]

Water 6368 - 6371 0.5525
Atmosphere 6371 - 6386 0.4991

9
8
7
6
5
4
3
2
1
0

Figure 1: Left: Terrestrial density profile according to the 44-shells model used in this contribution, also showing the
main inner compositional layers. Right: Compositional layers with the associated number of constant density shells,
the exact innermost and outermost radius, and the corresponding default Z/A value [14, 15] .

varies among chemical elements, e.g. 0.4655 for Fe and 1 for H, this technique has the potential to
provide unprecedented insights into the chemical composition of the outer core, and in particular
its hydrogen content. Different benchmark models of the outer core composition will be discussed
in Section 2, and perspectives for disentangling the most extreme ones with the next-generation
atmospheric neutrino detectors will be provided in Section 3.

2. Methodology
2.1 Underlying signal

The presence of electrons in the medium traversed by the neutrinos induces an effective po-
tential for charged-current interactions Vee = £v/2Gr N, (x) (where the & apply respectively to
Vv, and V,), which modifies the neutrino oscillation probabilities. The size of this effect depends
on the neutrino energy as well as the length of the neutrino path. The analysis therefore relies on
the computation of energy E and zenith angle 0, distributions of atmospheric neutrino events of
different flavours.

The model of incoming atmospheric neutrino flux is taken from [11] and the probabilities of
neutrino flavour transitions are computed using the OscProb software [12]. For a given incident
angle 6., the trajectory of a neutrino through the Earth is modelled along the corresponding base-
line through a sequence of steps of constant electron density. The Earth electron density is a radial
model with 44 concentric shells of constant electron density, where mass density values are fixed
and follow the PREM. These shells are distributed into seven chemical layers, where the composi-
tion, and hence the Z/A factor, are assumed to be uniform (see Fig. 1). In each shell, the electron
density is determined from the mass density and Z /A according to eq. (1.1). The quantum evolution
equations for the neutrino states are solved numerically for each shell along the neutrino path.

Finally, the rate of events interacting in an hypothetical detector is computed using neutrino-
nucleon cross-sections weighted for water molecules, obtained with the GENIE Monte Carlo gen-
erator [13]. This differential rate (corresponding to the number of neutrino interactions of given
flavour, energy E and zenith 6 occurring in the detector per unit exposure) is computed for each
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Figure 2: Rate of neutrino interactions as a function of energy and zenith angle, multiplied by E2, for v, +V,
(left) and v, + V), (right), as obtained using the standard compositional model (A) of Table. 1. The upper
panels show the corresponding rate profiles integrated over the range of zenith angles 0, € [160°, 170°],
which encompasses the neutrino trajectories that cross the innermost part of the outer core (horizontal band
delimited by the two black lines in the lower panels).

(anti-)neutrino flavour f as:

dNI"Y(E, 9) dd
B ’ _ Va
—dEdg ~ O (E) -vzatpvﬁvﬁ (E,0)- iEd6 (E,0) .1

where 0y, is the total interaction cross-section for neutrino type vg, Py, p is the v — v oscil-
lation probability, and d®,,, /dEd® is the unoscillated differential flux of atmospheric neutrinos at
the detector location. Fig. 2 shows the resulting rates of electron and muon (anti)neutrino flavours
obtained for the benchmark compositional model (A) of the outer core (as defined in Table 1).

The impact of different compositional models of the outer core can be studied by investigat-
ing the relative difference (AN/N) in the expected number of neutrino events of a given flavour
(Ve +V, or vy +V). Fig. 3 shows this quantity as a function of energy, for benchmark models
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Figure 3: Relative difference AN/N in the number of events occurring in the v, + V. (left) and Vy+Vy
(right) channel), for the compositional models described in Table 1, taking Model (A) as a reference.
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Model ) (A) (B) © (D)
Default (Fe-Ni) Badro[4] Kaminski & Javoy[15] Tagawa[l6] Sakamaki[5]
Light elements none T%wt Si 2%wt Si 0.3%wt H 1%wt H
2%wt O 4%wt O 6.5%wt Si
Z/A 0.4661 0.4680 0.4689 0.4697 0.4713

Table 1: Weight fraction of light elements and average Z/A for different compositional models considered
in this study. In all models the Ni content is set to 5 wt% and Fe is the complement to 100%.

with different weight fractions of light elements in the outer core, taken from the literature. The
curves are obtained assuming a perfect detector with infinite exposure (hence the absence of sta-
tistical error bars). Both electron and muon channels exhibit fast oscillations in AN/N at low (< 2
GeV) energies, reflecting the small changes in oscillation phase induced by the dependence of the
parameters in the electron density model chosen for the outer core. For all models, the underlying
signal is most visible in the muon neutrino channel, where it can reach up to 5 or 6% (depending on
the zenith angle) when comparing the extreme compositional models (D) and (A). The two stan-
dard compositional models (A) and (B) differ by 1 to 2% at most for both flavours, suggesting that
their disentanglement would be challenging even without considering the effect of finite detector
performances.

2.2 Detector response modeling

Oscillation tomography requires neutrino detectors with high detection, reconstruction and
identification performances in the 1 — 40 GeV energy range. Such detectors are currently being
proposed and built as part of the global neutrino physics program, with the aim of improving
the measurement of the oscillation parameters and of solving the questions of the neutrino mass
hierarchy and CP violation in the leptonic sector.

The next generation of water- (and ice-) Cherenkov neutrino detectors includes HyperKamio-
kande [17], KM3NeT/ORCA [18] and PINGU [19], with instrumented volumes ranging from 0.5
to a few Mtons. The DUNE experiment [20], primarily designed to work in synergy with the Long-
Baseline Neutrino Facility (LBNF), will consist in large Time Projection Chambers filled with lig-
uid Argon. While more modest in size (~ 50 ktons), DUNE is expected to reach an unprecedented
precision in the energy and angular reconstruction of neutrino events by disentangling the measure-
ment of the charged lepton and of the hadronic system produced in the neutrino charged-current
interaction. Both DUNE and HyperKamiokande claim a sub-GeV detection threshold and almost
perfect separation of the electron and muon channels, although for DUNE it is still unclear how
these performances will be transferable to atmospheric neutrino signals (without prior knowledge
of the arrival direction). The large dimensions of ORCA and PINGU allow them to record 10 to 100
times larger statistics of events than DUNE and HyperKamiokande in a given time span. However,
the relative sparseness of their instrumentation limit their event reconstruction and classification
performances. Events are classified into track-like (when a v;;-induced muon is reconstructed) and
shower-like channels, the latter comprising not only v, but also v; CC interactions and all-flavours
NC interactions.

While preliminary sensitivity studies for Earth tomography have been performed for some of
these detectors using detector simulation tools internal to the collaborations [17, 19, 21], we choose
to adopt here a more generic and flexible approach based on analytical response functions for the
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Detector Mo Mton)  Ey, (GeV)  Ep (GeV) o(E)/E Op (deg)  Eji (GeV) Eg™ (GeV)  Poa
ORCA-like [18] 8 2 10 25% 30/VE 0.1 10 85%
HyperKamiokande-like [17] 0.40 0.1 0.2 15% 15/VE 0.1 0.2 99%
DUNE-like [20] 0.04 0.1 0.2 5% 5 0.1 0.2 99%
Next-generation 10 0.5 1.0 5%+10%/VE ~2+10/VE 0.1 1 99%

Table 2: Physical inputs for the response functions of the detectors considered in this study: total mass,
threshold and plateau energy for the detection efficiency curve, energy and zenith resolutions, and threshold
and plateau energy for the classification efficiency curve.

key performance parameters. We model the detection efficiency (parametrizing the probability for
a neutrino event to be successfully detected) by a 2-parameter sigmoid function in log(E) adjusted
to fit predefined threshold and plateau levels corresponding respectively to 5% and 95% detection
efficiency. The energy resolution is described by a Gaussian pdf with tunable width 6(E) ~ E. The
zenith angle resolution is obtained from a 2D Fisher distribution marginalized over the azimuth;
it can be approximated by a Gaussian distribution with tunable width 6(E) ~ vE. Finally, the
classification efficiency (parametrizing the probability for a neutrino event to be correctly identified
flavour-wise) is modeled by a 2-parameter sigmoid function in log(E) adjusted to the 5% and 95%
classification efficiency.

3. Results and discussion

We have used the above approach to investigate the influence of various detector performance
indicators on their ability to detect a departure from the default Z/A in the outer core caused by
the presence of Hydrogen. To that purpose, we have considered three benchmark detectors whose
response functions reflect the expected performances of DUNE, ORCA and Hyperkamiokande,
as well as a hypothetical "next-to-next generation" detector that would combine the best charac-
teristics of each. The physical parameters used to build the different detector response functions
are detailed in Table 2. We fold these response functions with the underlying signal to obtain the
expected event distributions in each of the two channels, for the default model (Fe-Ni alloy) and
for model (D) which has the highest Hydrogen content. An event statistics corresponding to 10
years data taking is assumed for all detectors. All results shown here have been obtained under the
(favourable) assumption of normal mass ordering of the neutrinos, considering that this measure-
ment will be achieved in a much shorter timescale than the tomography one.

We quantify the expected signal in terms of a signed chi-squared function x?(bin i) = (nf) —
nh)) x |nf) — nk)| /né) (where the subscripts 0 and D refer to the corresponding compositional models
from Table 1), assuming bin-by-bin Poisson statistics. Summing the | xiz\ over all bins provides
a good estimate of the significance to reject model (0) if model (D) is true (and vice-versa), with
Yl x,-z\ =1 for ~ 1o significance. In accordance with the predictions of theoretical underlying
signal, we find that the muon neutrino (or track) channel provides a higher sensitivity level than the
electron neutrino (or cascade) channel for all three detector benchmarks. As shown in Fig. 4, the
three options exhibit comparable statistical significance in the measurement of the outer core com-
positional model after 10 years of data taking, although their sensitivity does not necessarily come
from the same region of the (E, 0) plane. These plots also illustrate how the detection threshold
and energy/zenith resolutions affect the sharpness of the patterns of detected events with respect to
the expected signal shown on Fig. 2.
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We conclude that detectors currently under construction or design (ORCA, DUNE, Hyper-
Kamiokande) only have the capability of measuring the amount of H in the core with a precision
of a few percent in weight. To achieve a 1wr% precision level, a next-generation detector would
be needed, that combines characteristics achieved by each of the current detectors, such as a large
detection volume with good energy and angular resolutions. Additionally, lowering the detec-
tion threshold to the 1 GeV level with reasonably good flavour identification performance in the
few-GeV region is critical. Fig. 5 illustrates the performance in compositional model separation
expected for such a next-generation detector, expressed in terms of event number differences, in
the muon-neutrino (track-like) channel. In such a case, the compositional model (D) with 1 wt%
hydrogen could be tested at 10 confidence level, provided that systematic uncertainties (not yet
included in this study) can be kept under control. The liquid Argon technology being unlikely scal-
able to the ~ 10 Mton scale, a most promising alternative might reside in a large-scale densified
water Cherenkov detector in the line of the recently proposed Super-ORCA detector [22].

Figure 5: Expected signal, in terms of the mean
difference of number of events
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