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Abstract Knowledge of the composition of the Earth’s
interior is highly relevant to many geophysical and geochem-
ical problems. Neutrino oscillations are modified in a non-
trivial way by the matter effects and can provide valuable
and unique information not only on the density but also on
the chemical and isotopic composition of the deep regions
of the planet. In this paper, we re-examine the possibility
of performing an oscillation tomography of the Earth with
atmospheric neutrinos and antineutrinos to obtain informa-
tion on the composition and density of the outer core and
the mantle, complementary to that obtained by geophysi-
cal methods. Particular attention is paid to the D" layer just
above the core-mantle boundary and to the water (hydrogen)
content in the mantle transition zone. Our analysis is based
on a Monte-Carlo simulation of the energy and azimuthal
angle distribution of u-like events generated by neutrinos.
Taking as reference a model of the Earth consisting of 55
concentric layers with constant densities determined from
the PREM, we evaluate the effect on the number of events
due to changes in the composition and density of the outer
core and the mantle. To examine the capacity of a detector
like ORCA to resolve such variations, we construct regions
in planes of two of these quantities where the statistical sig-
nificance of the discrepancies between the reference and the
modified Earth are less than 1o. The variations are imple-
mented in such a way that the constraint imposed by both the
total mass of the Earth and its moment of inertia are verified.
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1 Introduction

Aside from its intrinsic interest, a detailed description of
the inner parts of the Earth is essential for a proper under-
standing of basic geological phenomena such as volcanology,
earthquakes, plate tectonics, and mountain building [1,2].
According to current knowledge, the Earth’s internal struc-
ture is stratified and consist of successive layers with differ-
ent chemical, geological, and physical properties. Most of
the information about the layers and the boundaries between
them has been acquired by examining how seismic waves
created by natural earthquakes are refracted and reflected as
they propagate through the Earth [3,4]. Valuable information
has also been obtained from measurements of magnetic and
gravitational fields, observations of the planet’s moment of
inertia and precessional motion, and physical, chemical, and
mineralogical analyzes of meteorites and xenoliths. Based on
chemical composition, three main layers have been identified
within our planet: the crust, the mantle, and the core. The
mantle and the core are further subdivided into two regions
each.

The mantle surrounds the core and extends from beneath
the thin crust to a depth of 2900 km. It consists mainly of
dense silicate rocks rich in iron and magnesium. Seismic
wave velocities in the mantle show three discontinuities at
depths of 410, 660 and 2700 km [5]. The first two corre-
spond to the edges of the transition zone between the upper
and lower mantle, and are best explained by mineral phase
transformations without compositional changes. The third
discontinuity is typically a 2.5-3.0% increase for both S-
and P-waves observed at the top of the D” layer, a transi-
tion shell about 200-300 km thick, at the base of the mantle,
which presents a variety of seismic anomalies and is pre-
sumably the source of the large mantle plumes [6,7]. This
layer is not yet fully understood, many of its characteristic
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may be attributed to the discovered MgSiO3 postperovskite
phase [8], but compositional differences may also play an
important role in addition to the phase transformation [9].
Regarding the core, it is well established that it is composed
primarily of an iron-nickel alloy, with Ni/Fe~ 0.06. The
inner core is solid, while the lower density and absence of S-
wave propagation are indications of a liquid outer core. The
density deficit in the outer core cannot be simply explained
by a difference in the state, but it requires about 5-10 wt%
(weight percent) of lower atomic weight elements to reduce
its density and melting point [10,11].

Good estimates of the abundance and distribution of
“light” elements in the core are essential to understanding
the formation and evolution of the Earth, as well as how
the core and mantle interact in the region around the core-
mantle boundary (CMB) [9,12]. The various processes that
occur in this interface are highly influenced by heteroge-
neous structures at or near it. The great disparity in den-
sity prevents direct convection movement through the CMB,
and nearby regions control the transfer of heat and mate-
rial [13]. These processes strongly affect the convection in
the mantle, responsible for the plate motion and continen-
tal drift, and the more vigorous convective flow in the outer
core that is believed to be at the origin of the Earth’s mag-
netic field (i.e., the functioning of the geodynamo) [14,15].
Due to vigorous convection, the liquid part of the core is
usually assumed to have a uniform composition. However,
seismological evidence indicates the possible existence of a
~ 300 km thick region on top of the outer core (E’ layer),
which shows anomalous low seismic velocities. This region
is likely to be less dense than the rest of the outer core, but
simply increasing the concentration of light elements also
produces higher speeds, in contradiction with observations.
None of the mechanisms that have been considered are with-
out complications [16] and further observations are needed
before a satisfactory explanation of the origin and nature of
the E’ layer can be formulated.

The study of seismic wave propagation and normal mode
oscillation is undoubtedly the most effective and reliable
method to search the Earth’s deep structures and process.
Nevertheless, the impressive progress done has not been
accompanied with a concomitant improvement in the pre-
cision of the density estimations [17]. They are done through
an underdetermined inversion problem, performed in two
steps: the spatial distribution of seismic wave velocities is
first inferred from seismological data and then the density
distribution is inferred from the seismic velocities using some
empirical relation [18]. Such procedure allows the average
density along a path to be estimated with an uncertainties
of about 5% [17] for the mantle and presumably larger for
the core. For example, the density jump at the inner-core
boundary, which play an important role in the maintenance
of the geodynamo, has been inferred to be of 0.82 with an
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error of more than 20% [19]. While the density distribu-
tion can be obtained from seismological remote sensing, the
compositional structure of the Earth [20,21] has been much
more difficult to determine. Thus, the compositions of the
lower mantle and the core remain quite uncertain, despite
significant advances in recent years. Since in situ sampling is
impossible, estimations are done by comparing density and
sound velocity data from seismological observations with
those from laboratory experiments and theoretical calcula-
tions [22]. Due to technical limitations, it has been difficult
to perform reliable experiments for molten samples under
high pressure and temperature conditions and the available
information is still insufficient to infer the core composition.
The most likely light elements in the core are oxygen, sili-
con, carbon, nitrogen, sulfur, and hydrogen [9,23], but there
is still no consensus on the nature and proportion of the com-
ponents.

In addition to the metallic core, significant amounts of
hydrogen can be incorporated within the mantle, in silicate
minerals, melts, and hydrous fluids. This is done in a variety
of chemical species (OH, H», ...) generically referred to as
“water” [24-26]. The abundance and distribution of water has
influenced not only the evolution, dynamics state and ther-
mal structure of the deep interior, but also the evolution of the
crust and hydrosphere [27]. Even small amount of water can
affect properties like melting temperature, rheological prop-
erties, electrical conductivity, and seismic velocities of the
mantle. How water is transported into Earth’s deep interior
and how it is distributed are today open questions. Almost
no constraints exists on the water content of the lower man-
tle. The existing laboratory data cannot be used to infer the
water content from geophysical observations at these high
pressure and temperature conditions. Low-velocity regions
have been observed near the top of the lower mantle and
directly above the CMB [25]. If the low-velocity is inter-
preted as caused by partial melting, then some water is likely
be present in these regions [28]. Water could instead be stored
in the lowest parts of the mantle in Al-postperovskite [29].
There is a wide consensus that the mantle transition zone
(MTZ), at 410-660 km deep, is a potential reservoir of water
because its main mineral constituents can store up to ~ 3%
wt water [27]. However, the amount of water contained there
is poorly constrained. Some water-rich inclusions recently
found in diamonds [30,31] suggest a wet MTZ, but it is not
clear if they are representative of the typical water content
of the deep mantle or reflect local conditions. Geophysical
methods (electrical conductivity and seismic observations)
provides constraints on the water distribution in a global scale
[32]. The inferences with these approaches are not direct and,
despite the effort involved, a wide range of values have been
reported in the literature [33,34]. As noticed in Ref. [33],
geophysical estimates have large uncertainties and the water
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content in the MTZ can be heterogeneous, having significant
lateral variability as revealed by a recent novel approach [35].

From the comments in the previous paragraph it is appar-
ent how useful it would be to have additional experimen-
tal techniques, unaffected by the same uncertainties, which
could provide complementary and independent information
about the deep interior of the Earth. A promising candidate
is neutrino tomography [36]. The basic idea is that neutrino
propagation within the Earth is affected by their interactions
with the particles present in the terrestrial matter. The cross
section for neutrino interactions increase with energy and, in
the case of absorption tomography, the density profile can be
reconstructed from the attenuation of the flux of very high
energy (2 10 TeV) neutrinos passing through the Earth [37—
44]. Another option is oscillation tomography, which takes
advantage of the matter effect on flavor oscillations [45-47]
of lower energy (MeV to GeV) neutrinos. In a medium, the
transition probabilities between active neutrinos depend on
the number density of electrons n, along the neutrino tra-
jectory, which is proportional to the product of the matter
density p times the average ratio Z/A of the atomic number
Z and the mass number A [36,48-58].

In this paper, we re-examine the feasibility of studying
the internal structure of the Earth using atmospheric neutrino
oscillation tomography. We analyze the ability of a detector
such as ORCA to resolve deviations both of density and com-
position with respect to a standard Earth modeled in terms
of 55 concentric shells integrated in five main layers, cor-
responding to the inner and outer core, the lower and upper
mantle, and the crust. Constant densities are assigned to the
shells from the mean value of the PREM densities within
each shell. In our scheme, unlike other work on the subject,
the densities of the main layers can be modified in a manner
consistent with the well-measured total mass and moment of
inertia of the Earth. In contrast, Z / A is a function of the chem-
ical and isotopic composition of the medium and is not sub-
ject to either of these constraints. Therefore, in principle, one
could constrain the allowed values of the density and com-
position of the Earth’s deeper regions by studying the effects
that changes in these quantities have on the events produced
by atmospheric neutrinos after traversing the Earth, hold-
ing the total mass and moment of inertia of the planet fixed.
We focus on the possible application to obtain information
on the composition and density of the lower mantle regions
above the CMB, in particular, the D” region, paying special
attention to the content of light elements, more specifically
hydrogen. With the exception of hydrogen ((Z/A)py = 1),
all other light elements have an almost equal number of pro-
tons and neutrons and hence Z/A = 0.5 for them. Thus, the
presence of a significant amount of hydrogen (water) would
produce appreciable Z/A changes compared to those in dry
regions. In this sense, information from neutrino oscillation
tomography could give valuable information on the water

content in the lower mantle and core. We also allow for some
variation in the location of the boundary between the lower
and upper mantle as an effective way to account for the tran-
sition region between these two layers.

The paper is organized as follows. In Sect. 2 we present a
model of the Earth’s structure with 55 shells integrated within
5 main layers. In Sect. 3 we briefly review the formalism of
matter neutrino oscillations and describe the algorithm to cal-
culate the transition probabilities. In Sect. 4 we determine the
number of y-like neutrino events in a detector such as ORCA
and the effects that changes in the composition and density of
the outer core and lower mantle have on this observable. The
results and final comments are presented in Sect.5, where we
carry out a Monte Carlo simulation of the number of u-like
events and apply it to test different composition models of
the outer core and mantle, changing also the density.

2 Model of the Earth’s structure

The observed lateral variations in the Earth’s properties are
much less pronounced than the vertical variations. There-
fore, the internal structure of the Earth can be well approxi-
mated by one-dimensional spherically symmetric models of
seismic velocities, attenuation, and density as a function of
depth [59,60].The most widely used of these models for seis-
mic tomography has been the Preliminary Reference Earth
Model (PREM) [59]. This model represents the mean prop-
erties of the Earth as a function of the radial distance r and
was designed to fit different data sets and some basic data
of the planet (radius, mass, and moment of inertia). In this
study, we use a spherical model consisting of 55 concen-
tric shells, each with a constant density equal to the average
value of the PREM densities in the shell (Fig. 1). The set of
shells is divided into five large layers demarcated by con-
centric spheres of different radii: inner core (/ C), outer core
(OC), lower mantle (M), upper mantle (M>), and crust (C).
In Table 1 we give the values for the standard composition
and the corresponding radii.

The primary information on the Earth’s density as a func-
tion of r comes from the total mass of the Earth M, =
5.9724 x 10?’g and its mean moment of inertia about the

Table 1 Compositions of the main Earth layers

Layer n° of shells Ring - Ryup [km] Z/IA

Inner core 7 0-1221.5 0.4691
Outer core 13 1221.5-3480 0.4691
Lower mantle Ny, —21 3480—R 0.4954
Upper mantle 49-Npy, Ry, —6346 0.4954
Crust 6346-6371 6346-6371 0.4956
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Fig. 1 PREM density profile of the Earth with 55 shells

polar axis I, = 8.025 x 10*gcm? [61]. From these two
quantities and R; = 6371 km for the Earth’s radius, one
gets [, =~ 0.33M$R£ that is noticeably smaller than the
moment of inertia of a homogeneous sphere of the same
radius (0.40M Ré). This corroborates that there must be a
concentration of mass towards the center of the planet or, in
other words, that the inner regions are denser than average.
We require that our model satisfy both constraints:

55
4
M, = §7T ZPi(Ri3+1 - R?) = Mc + Moc
i=1

+Muy, + My, + Mc

55
8
LR
i=1

= IIC+IOC+IM1 +1M2+IC (1)

where M; and I;,i = IC, OC, My, M, C, are the masses
and moments of inertia of the major layer specified above,
which are given by the sums of the contributions of the shells
contained in each of these divisions, as indicated in Table 1.

To modify the densities of the outer core and the lower
and upper mantle we multiply the densities of all shells
within each of these layers by the respective rescaling factor,
foc, fm,, and fy,. This is done in such a way that neither
M, nor I, change. Then,

M@ = MIC + fOC MOC +fM1 MM] + fM2 MMZ +MC
I, = Lic + foc loc + fuy Imy + far Iny + Ic (2)

Equating Eqgs. (1) and (2) we obtain the following homoge-
neous system of linear equations:

8()6‘ MOC +8M1 MM1 +8M2 MM2 = Oa
806‘ IOC +8M1 IM] +8M2 IMz = 0’ (3)
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where §oc = foc—1,.8m, = fm, —1,anddy, = fu, —1are
the relative changes of the densities in the outer core, lower
mantle, and upper mantle, respectively. Solving this system,
we can express 8y, and &y, as functions of do¢:

A, A,

5M1 = —50C A s 5M2 = —50C A s (4)
where
A= My, Iy, — Iy, My,,
AMI = Moc IM2 — Ioc Msz
AMZ = IOC MM] - MOC IM]- (5)

The value of the radius R, set the position of the bound-
ary between the regions M and M; and varying it we can
change the number of shells within each of these layers. This,
in turn, modifies the values of My, , and I}, , and makes the
quantities 61,2 dependent on Ry, . Figure 2 shows the relative
changes in the densities of layers M| and M> as a function of
the relative change in the density of the outer core, for three
different positions of the boundary between M| and M5.

3 Atmospheric neutrino oscillations

Neutrino oscillations are a well-verified and widely studied
phenomenon that has proven beyond any doubt that neutri-
nos are mixed massive particles. The current experimental
and observational data set can be interpreted in terms of the
minimal extension of the Standard Model, where the known
flavor states |v, ) (@ = e, u, ) are linear combinations of the
states |v;) with masses m; (i = 1,2, 3): [vy) = ), UX|vi).
The coefficients Uy; appear in the leptonic charged current
and are elements of a unitary matrix U. For for Dirac neutri-
nos, this matrix can be expressed as U = O3 O 1301,
with

c12 5120 c13 0513
Opn=|\|-s2c20], Oi= 0 10 ],
0 01 —s513 0 cy3
1 0 O 100
Oyy=10 c3 s23 |, r=1010 1}, (6)
0 —s23 €23 00 e

where ¢;; = cos6;; and s;; = sin6;;. A value of § different
form O or  implies CP-violation in the leptonic sector of the
theory.!

In addition to the mixing angles 6;; and the CP-violating
phase &, the oscillations between the three active neutrinos
are parametrized by two squared-mass differences: Am%l =

! For Majorana neutrinos there are two additional physical phases, but
they are not relevant in neutrino oscillations and are therefore omitted
in the analysis of the phenomenon [65].
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Fig. 2 Relative changes in the densities of the layers a M and b M3 as a function of the relative change in the density of the outer core, for

Ry, equal to 4800 km, 5600 km, and 5871 km

Table 2 Three-neutrino oscillation parameters obtained by averaging
the best-fit values of three recent global fits of the current neutrino
oscillation data [62—-64]

Parameter Normal ordering Inverted ordering
Am3, [eV?] 7.42 x 1073 7.42 x 1073
Am3, [eV?] 2.533 x 1073 —2.437 x 1073
sin? 615 0.309 0.308

sin? 03 0.0223 0.0232

sin® 63 0.561 0.564

8/m 1.19 1.54

2 2 2 2 2
m; — my and Am3z, = m3 — mj. Five of the parame-

ters (012, 013, 623, Am%l, and |Am§1 ]), have been determined
with remarkable precision (~ 1 — 5%) by global fits of
the data from solar, atmospheric, reactor and long baseline
experiments. The issues still pending are: the sign of Am%l,
the 63 octant, and the determination orfthe phase §. The
sign of Am%1 characterize the normal ordering (NO), with
ms3 > m1 2, and the inverted ordering (I10), with m3 < m ».
The 3v oscillation parameters shown in Table 2 are the mean
of the best-fit values for the allowed ranges at 1o of the global
analyses performed by three groups [62—64].

Neutrinos are produced and detected as flavor eigenstates.
Consider a neutrino v, produced at time 7y that propagates
in vacuum. Due to slight mass differences, the phases of
the mass eigenstate components of the original flavor state
change at different rates and, due to this, the flavor content of
the neutrino beam oscillates along the trajectory. When neu-
trinos propagate in a medium, the coherent forward scattering
of neutrinos with electrons is different for v, and v, ;, result-
ing in different refraction indexes for the electron neutrino
and the other flavors. As a consequence, neutrino oscillations
can be significantly modified in matter compared to oscil-

lations in vacuum and new resonance enhancement effects
appear. These effects are sensitive to the density and composi-
tion of the medium and we will take advantage of this in order
to examine the inner parts of our planet by means of the oscil-
lations of atmospheric neutrinos in the Earth. Atmospheric
neutrinos have played a very important role in the study and
characterization of the phenomena of neutrino oscillations.
They are generated around the Earth as decay products in
hadronic showers that result from collisions of cosmic rays
with nuclei in the upper atmosphere. This provide a continu-
ous source of neutrinos spanning a very wide range of ener-
gies and travelled distances before detection. On this work,
we concentrate on those with energies in the range of 1-10
GeV and different nadir angles.

Let a neutrino v, that enters the solid terrestrial matter at
time #y. At any time ¢ > ty the state of the system |y (¢)) can
be expressed as | (1)) = Z/A{(t, to) | (19)), where |V (tg)) =
|ve) and U (¢, to) is the evolution operator. The probability of
having a neutrino of flavor 8 inside the Earth, at a distance
£ ~t —to(h =c = 1) from the entry point, is

Pyysy (0) = | Uga (O, ()

where the probability amplitude Ug (£) = (vg| U @) |vy) is
an element of the 3 x 3 unitary matrix I/ (£) representing the
evolution operator in the flavor basis.

Rather than solving for U (¢) directly, it proves to be more
convenient to determine the evolution operator in the basis of
the mass eigenstates and then transform it to the flavor basis
using the relation

Uw) =0Uw)U", (8)

where U = OnT O301,.

@ Springer
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The matrix U (£) obeys the equation
i%l)(é) = HOU®), UO) =1, )
with
H(t) = Hy +V(0)OTYO. (10)

Here, Hy = diag{0, A>1, A3} and Y = diag(l, 0, 0) are
diagonal matrices and O7 is the transpose of the orthogonal
matrix O = 0130,. Note that the real and symmetric matrix
OTY O does not depend on 6,3 nor §. Explicitly,

2

2 2
Ci3C C12812€13  C12C13813

T
O YO = C12512C123 S122C123 S12C13813 | - (11)

2
C12813C13 - S12€13513 53

The first term in Eq. (10) is the Hamiltonian that drives the
flavor evolution in vacuum, while the second term accounts
for the matter effects. For antineutrinos, the sign of the second
term is reversed and the matrix I" is replaced by its complex
conjugate.

In normal matter (n, p, €)

V(£) = V2G n,(0), (12)

where n,(€) is the electron number density and G is the
Fermi constant. The electron number density depends on
both the matter density p(¢) and the chemical and isotopic
composition of the medium:

p) Z
ne(£) = Z(ﬁ), (13)
u
where my; = 931.494 MeV is the atomic mass unit and

Z/A = ), F,(Z/A),. The summation runs over all the
chemical elements present in the medium and (Z/A),
denotes the ratio between the atomic number Z; and the
atomic mass A; of the element that contributes a fraction f;,
to the mass at a given position.

The relevant quantities for us are the oscillation proba-
bilities for v, (V) — vu.r (V7)) and ve(Ve) — vy e (Vy 1),
which are required to compute the p-like events produced
in a detector by “upward” atmospheric neutrinos after trav-
eling a distance L = 2R cosn through the Earth (see Eq.
(18)). According to the previous considerations, because of
the dependence of these probabilities on the potential V(£),
atmospheric neutrinos are sensitive to changes in the density
and composition of the traversed layers. In what follows, we
examine the feasibility of applying such an effect to obtain
meaningful information about the deepest part of the Earth.
With this in mind, we calculate U (L) for the Earth modeled

2 The operator U(£) evolves the wave function @ (£) = ['*® (£), with
DT (L) = (91(0), ¢, (£), $3()), where ¢; (£), i = 1,2, 3are the ampli-
tudes of the mass eigenstates.

@ Springer

as a sphere made up of 55 concentric spherical shells with
different (constant) densities, as described in Sect. 2.

The complete evolution operator can be expressed as the
product of the evolution operators for the consecutive shells
through which the neutrinos pass on their way to the detector:

2jm—1
uiwy = [ try, (14)
j=1

where L are the distances in each shell, such that L =
> ;Ljand

Uj(L;) =exp(—iH;Lj). (15)

The effective potential in H; takes the fixed value V; =

ﬁ G an, where né denotes the constant number density of
electrons in shell j. Since the Hamiltonians for the different
layers do not generally commute between them, the exponen-
tial factors in Eq. (14) must be in the prescribed order. Each
of these factors can be evaluated by applying the Cayley—
Hamilton theorem which allows us to convert the infinity
series into a polynomial: U, (L ;) = ajl +af Hy + a3 I:IZZ,
where the coefficients are functions of the eigenvalues of H b
(which coincide with those of H}) [55,66].

The distances L; are functions of the nadir angle 7.
According to Fig. 3, they can be determined as L; =
|Zj+1 — Zj], where

Fig. 3 Neutrino path through the Earth
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To exemplify the effect that changes in composition and
density have on the probabilities of flavor oscillations, in
Figs. 4 and 5 we show the probabilities for v, — v, and
ve — v, as functions of the neutrino energy, for two dif-
ferent angles of incidence, both for NO and IO. In the next

@ Springer



614 Page 8 of 15

Eur. Phys. J. C (2022) 82:614

section, we use these probabilities in the calculation of the
u-like events produced by atmospheric neutrinos arriving at
the detector after passing through the internal regions of the
Earth.

4 Neutrino events and test of Earth’s composition

Let us consider a generic detector with a mass of water or
ice containing a number n, of nucleons as a target. Such a
detector, like the planned ORCA, will efficiently detect the
Cherenkov radiation emitted along the path of u* produced
by the interactions of v, and v, with the nucleons in the
instrumented volume or near it. In addition, it will be posible
to detect showers due to the e or T produced by the associated
neutrinos [54,67,68].

To generate a data set that simulates the actual observa-
tions, with the inevitable statistical fluctuations, we perform
a numerical calculation of the events due to neutrinos. Our
observable is the number of u-like events AV, and in what
follows we use it to test different hypothesis about the com-
position and density of the outer core and the lower part of
the mantle. To identify the most sensitive regions, we first do
a scan dividing the cone under the detector into a series of
angular and energy bins and calculate the number of u-like
events within given angular and energy intervals:

Emax "max
Ny =nyT / dE / ae
Emin Tlmin

ce dod'n ddve
UU# (E) Pvu»vﬂﬁ Pvf%vuﬁ
e do'n dd’
+ o3, (E) PDH—M’JME Pf;c—wuﬁ
cc dovr ddve
+ 0, (E)Brteu Pvuﬁv,ﬁ Pve%vrﬁ
b o (E)Breay ( Poyn, 22 4 Py 12
Dy Tl = Ve—Ve )

(18)

where T is the detection time. The fluxes of atmospheric
neutrinos and antineutrinos were taken from Ref. [69], while
the charged-current cross sections for the v, (v,)- nucleon
and v; (V;)-nucleon scatterings, in the considered range of
neutrino energies (1 — 10 GeV), are given approximately by
[70]:

ay¢(E) = 0.75 x 10738 (E/GeV) cm?,

o§¢(E) = 0.35 x 10738 (E/GeV) cm?,

oS¢ (E) 2~ 0.13 x 107 (E/GeV) cm?,

oS¢ (E) ~ 0.05 x 1078 (E/GeV) em®. (19)

@ Springer

In Eq. (18), Br;—,, = Br;_.; = 0.17 are the branching
ratios of the decays t — uv,v; and T — v, V. The
dependence of A\, on the density and composition of the
medium is incorporated through the oscillation probabilities,
which are calculated from the expressions given in Sect. 3.
It is understood that these probabilities are evaluated at L.
The values of the oscillation parameters are those given in
Table 2. To estimate the impact of current uncertainties on the
oscillation parameters, in addition to the best fits, we consider
their values at the extremes of the 1o ranges [62—64]. Thus,
the muon numbers were also calculated by evaluating the
oscillation probabilities at those values of a given parameter
and keeping the best fits for the rest. We find that errors in the
oscillation parameters introduce only few percent variations
in the number of muon events and have little effect on our
analysis.

To determine the angular and energy intervals where V),
is more sensitive to changes in the compositions of either the
outer core or the lower mantle we introduce the quantity

(Z/A)

T(Em =11 -—= 5
"

| x 100, (20)

which gives the percentage difference between the number
of events for the standard composition A 3 and the number

of events for a different composition JV, ,EZ/ A The radii of the
layers and the densities of the shells in the layers are those
given from the PREM.

Figures 6 and 7 show the level surfaces of T in the (E, n)
plane for a change of 1% in the composition of the outer-
core and the composition of the M region, respectively, for
both NO and IO. From the figures, it is apparent that in the
case of the outer core the most sensitive regions correspond
to energies around 5 GeV and angles compatible with the
shadow of the outer core and M;. On the other hand, for the
lower mantle the angular region has to be increased and the
energy shifts to slightly lower values. The deviations in the
number of events are considerably more pronounced for NO,
mainly because for 10 the resonance effects in matter occur
for antineutrinos, whose charged cross-section is about two
times smaller than that of neutrinos.

To simulate the number of events observed by a km? detec-
tor as ORCA, we follow the same procedure implemented in
[55], which we reproduce here for completeness.

In order to perform the Monte Carlo simulation, based
on the previous results, we consider events with 4 GeV <
E < 11GeV and 10° < n < 60°. Both of these intervals
are divided into 200 subintervals. Every pseudo experiment is
made up by tossing, in each square bin of the grid, anumber of
Poisson distributed events with the mean value equal to \V,, as
given by Eq. (18). Thus, each of the n, ), pseudo experiments
consists of 200 x 200 numbers corresponding to events, one
for each bin. This sample of events are then distributed in
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Fig. 7 Level surfaces of the function Y (E, n) (Eq. (20)) in the (E, n) plane, for a 1% change in the composition of layer M

angle and energy. We call them the frue events and suppose
that they are distributed according to the probability distribu-
tion function (pdf) £,V (E, n), iexp = L, ..., exp. For this
function we take the normalized histograms constructed by
means of the Monte Carlo simulation. The fractional num-
ber of true events in bin (i, j) for the i,.,-th experiment is

given by the integral of f,"*” (E, n) over the energy and angle
intervals of the bin (i, j).

To obtain a realistic distribution of events we must allow
for a limited resolution of the detector, both in energy
and angle. The net effect is the redistribution of the true
events (“smearing”) in the grid bins, which is implemented
by folding the true distribution with a resolution function
S(Eo, nolE, n). We assume a Gaussian smearing and write

B 1 (T]_no)2
S(Eo.10lE 1) = 3w An(E)AE(E) P <_ ZAn(E)2>

(E - Eo)’
exp| ——— |,

P\T22EE)
with the detector characterized by the angular and energy
resolutions An(E) = a,//E/GeV and AE(E) = ag E,

respectively. For the values of the parameters «; and g we
consider different situations according to the discussion in

2n

Ref. [52]. To keep our analysis as simple as possible we
assume a detection efficiency of 100%. When convoluted
with the true events the kernel in Eq. 21 gives us what we
call the observed events. That is, S(Eo, no| E, n) represents
the conditional pdf for the measured values to be (Eo, 7o)
if the true values were (E, n). Since the event is observed
somewhere, this function is normalized such that

/ S(Eo. 1o|E, mdEodno = 1. 22)

In terms of the resolution function, the number of observed

‘exp

events O,i”, in the bin (m, n) for the i.,,-th experiment is
given by

Ori:frllj = /\/tut Z // dE, dne
i bin m,n

xffb dEdy S(Eo, n0|E,n) ;" (E, m). (23)
in i, j

As an illustration, in Figs. 8 and 9 we show the pdf of the
true and observed events as functions of the energy and nadir
angle, for NO and IO, respectively, in the case of a standard
Earth. The figures were made using the same (large) number
of bins for both kind of events, but these numbers generally
differ. In what follows, to test how well the hypothesis of dif-

@ Springer
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Fig. 8 Probability distribution functions of a true events and b
observed events, as functions of energy and nadir angle, for the stan-
dard Earth and normal ordering of neutrino masses. The same number
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Nadir angle

()

Fig. 9 Probability distribution functions of a true events and b
observed events, as functions of energy and nadir angle, for the standard
Earth and inverted ordering of neutrino masses. The same number of

ferent Earth compositions is in agreement with the standard
Earth, we take the observed events to be distributed into five
angular bins and nine energy bins.

From Eq. 23, for each bin (m, n), withm =1, ..., 9 and

n=1,...,5, we determine the number of events 05" for
a standard Earth and Oy”(H, x) for an alternative Earth with
different composition and density. Here @ = 1, ..., 45 label
the two-dimensional bins (m, n). Thus, for each of these bins
we have a sample of the observed events and determinate the
corresponding mean values

A 1 Sie
0z = — Y 05,
Nexp *
Lexp

> 0L H, ). (24)

Nexp iexp

Oy H, %) =

For Poisson distributed events, in terms of the likelihood
function L we construct the negative log-likelihood ratio
function as

@ Springer

E [GeV)
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Nadir angle

(b)

of bins was used to make both figures, but a much small number of bins
was used to calculate the observed events

E [GeV)

20 30
Nadir angle

(b)

bins was used to make both figures, but a much small number of bins
was used to calculate the observed events

L (0g; Og(H, x))
L (0. 05)

_ _ Os
=2 OyH, %) —OSIn | =—2—)|. (@5
; o (H, %) "\ G (25)

According to Wilks’ theorem [71] the X;% distribution can be
approximated by the x? distribution and, from it, the good-
ness of the fit can be established. The statistical significance
of the x? test is given, as usual, by the p-value:

p= /2 Sy (w, ny)dw, (26)
X

where n,, is the number of degrees of freedom and
Sy (w, ny) is the Chi-square distribution. In our case, n,, =
9 x 5 — 2 = 43. In this way, we can examine the levels of
discrepancy between the standard Earth and different hypoth-
esis about the composition and density of the outer core and
the lower mantle. This is done in the next section, where the
results and final comments are presented.
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Fig. 10 Expected 1o regions for combined composition and density measures in the outer-core and the M region, for normal ordering and three

values of the M radii

5 Results and final comments

Our goal is to determine to what extent the presence of light
elements, in particular hydrogen, in the outer core and man-
tle can produce measurable effects due to the modifications
it introduces in the flavor transformations of atmospheric
neutrinos. We also pay attention to how uncertainties in the
densities of the deepest regions of the planet can compli-
cate obtaining compositional information. As discussed in
Sect. 2, we rescale the mantle and outer core densities so
that the constraints imposed by the Earth’s total mass and
moment of inertia are satisfied. At the same time, we allow
for some changes in the compositions of the outer core and/or
the lower mantle M.

As the quantities to be fitted, we take the composi-
tions of the outer-core and the lower mantle M; and
the densities of the outer core, M| and the rest of the
mantle M,. To evaluate the effects that changes of two
of these quantities have on our observable, we construct

regions in several planes: (§oc, (Z/A)oc), Om,, (Z/A)m,),
and ((Z/A)m,, (Z/A)oc), where the statistical significance,
given by the p-value, for the discrepancy between the stan-
dard and the modified Earth is less than 1o. In Figs. 10 and
11 we show these regions for the oscillation parameters given
in Table 3, for 10 years operation of an 8§ Mton detector as
ORCA, with resolution parameters o;, = 0.25and ag = 0.2.
As can be seen, the regions for NO are more restricted than
for I0. We consider two different values for the radius of the
M, layer: 5600 km and 5871 km, which correspond to the

Table 3 Different sets of density and composition

Set foc f (280 I @1tom,
1 1 1 1

11 1 1.01 1

III 1.01 1 1

v 1 1 1.01

@ Springer
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Fig. 11 Expected 1o regions for combined composition and density measures in the outer-core and the M region, for inverted ordering and three
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lower and upper border of the transition zone between the
lower and upper mantle.

In the graphs of composition versus density, non-zero cor-
relations are observed, indicating that increases in composi-
tion are compensated by decreases in density, and vice versa,
such that the electron density in the shell does not change.
This compensation is not complete since, for the Earth’s
moment of inertia and mass to remain fixed, variations in
density must also occur in other layers traversed by neutrinos
and, as a consequence, the allowed regions become closed.
The 1o confidence regions for combined measures of Z/A
in the outer core and M agree with those obtained by [53].
Suppose that the variation of Z/A in the outer core or mantle
is associated only with the abundance of hydrogen, then, as
show in Fig. 13, Z/A = (1 — Fu)(Z/A)o + Fu(Z/A)qu,
where (Z/A)o is the value with no hydrogen and F g is the
fractional contribution that hydrogen makes to the total mass
of the layer. In this case, the 1o regions are compatible with
5-8 wt% hydrogen in the lower mantle and outer core, respec-
tively, values too high in light of geophysical estimates.

@ Springer

As a general rule, for the non fitted parameters we have
kept their PREM values. However, for the sake of complete-
ness, we paid some attention to effects from uncertainties in
the densities when fitting the compositions. Thus, we have
jointly fitted (Z/A)oc, (Z/A)m, and §,. for the outer core
density. (Notice, that the densities of the layers M| and M
vary in order to maintain the values of the Earth’s mass and
moment of inertia, as discussed in Sect. 2). The 1o vol-
ume obtained in this way is projected onto the composition-
composition plane, giving rise to the shaded area in Fig. 12.
The observed negative correlation is caused by the compen-
sation effect in matter neutrino oscillations, with an increase
in composition counterbalanced by a decrease in density, and
vice versa, to keep the electron number density unchanged.
In the case of the composition-density plots (Figs. 10a, b,
11a, b), the uncertainty in the outer core density is incorpo-
rated in the lower mantle density, since they are related by
Eq. 4).

As is evident from Figs. 10 and 11, an experiment like
ORCA has a limited potential to reveal a non-standard com-
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Fig. 13 The ratio Z/A as a function of the weight fraction of hydrogen

position and/or density of the Earth. This worsens at 2 and 3o
and for the inverted ordering (Fig. 13). A question then arises:
how much exposure and how much resolution are required to
constraint a non-standard composition? As a partial answer,
in Fig. 14 we shown thelo regions for different exposures
(in unity of ten years of ORCA operation) and angular and
energy resolutions equal to «. We see that with an exposi-
tion of thirty years and resolutions of 0.1 it is possible to
constraint the hydrogen content to 1%.

Finally, we pay special attention to the D" region. Since
the thickness of this remote interface between the rocky man-
tle and the iron core is relatively thin, changes in density and
composition have little effect on our observable. Figure 15
shows the 1o regions for the detector size versus the compo-
sition D", for a thickness of 200 km and various values of the
detector resolution. As can be seen, the allowed regions are

Fig. 14 Fraction of hidrogen in the outer-core and the lower mantle
for extra exposition e and resolution «
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Fig. 15 D" composition for different resolutions and size detector. D"
thickness 500 km

not very restrictive for reasonable values of resolution and
size of the detector. The ability to constrain the composition

is significantly improved in the case of a slightly thicker layer
(500 km).
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In summary, we have studied the possibility of conducting
an oscillation tomography of the Earth based on the matter
effects on the flavor oscillations of atmospheric neutrinos
propagating through the depths of the planet. Using the u-
like events in a generic large Cherenkov detector as physical
observables and making a Monte Carlo simulation of the
energy and azimuthal angle distribution of these event, we
tested possible variants with respect to a reference geophysi-
cal model with the densities as given by PREM and different
composition in the outer-core and lower mantle. Unlike pre-
vious studies, the procedure we followed in this work allowed
us to simultaneously vary the composition and density. When
one of these quantities was fixed in the value of the reference
geophysical model, our results, shown in Fig. 10, are compat-
ible with those obtained by others authors in an uncorrelated
way [50,53]. As shown, the study of questions of the type
examined here would benefit greatly from the application of
phenomena normally studied in the realm of particle physics
and the advent of new and improved neutrino telescopes,
such as KM3NeT, ORCA, PINGO and HyperK [72-75].
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