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For the first time, a statistically significant tomography of the Earth, using the attenuation of high
energy atmospheric neutrinos, has been performed. Here we summarize the results obtained with
one year of IceCube data [1]. The density distribution of the Earth is obtained with a five-layer
model, confirmed to be statistically compatible with the PREM model. The same averaged density
in the core and the mantel is excluded with pvalue = 1%, with preference for a denser core region.
The total mass and momentum of inertia are statistically consistent with the gravitational inferred
measures.
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1. Introduction

Measuring the density profile of the Earth is essential to solve a number of important problems
in geophysics, such as the dynamics of the core and mantle, the mechanism of the geomagnetic dy-
namo or the bulk composition of the Earth [2]. Most of our knowledge about the internal structure
of the Earth and the physical properties of its different layers comes from seismological data.

Neutrinos can be used to study the Earth’s interior in several ways [3]. Our knowledge of
neutrino propagation through the Earth may give relevant information about the Earth’s density
profile. Neutrino propagation does depend on the details of the matter structure between the source
and the detector. For neutrinos with energies below 1 TeV, the matter profile affects the neutrino
oscillation pattern, whereas neutrinos with energies in the multi-TeV range may scatter via charged-
current and neutral-current interactions with the nucleons along the path and get absorbed, therefore
the neutrino flux observed at the detector depends on the number of nucleons along its path.

The idea of using neutrinos to perform absorption radiographies of the Earth was suggested
more than four decades ago [4, 5], although the first forecast study with atmospheric neutrinos is
only a decade old [6]. Currently, the IceCube neutrino telescope is the largest detector measuring
multi-TeV atmospheric neutrinos, with enough statistics to be sensitive to the absorption effect.
Motivated by this, one-year of through-going muon data was considered [1] to perform the first
tomography of the Earth using actual neutrino data. The main results are summarized in this talk.

2. Data and Analysis

In this work we use the publicly available IceCube one-year up-going muon sample, col-
lected during 2011-2012 and referred, this data was collected with the final configuration of the
IceCube detector with 86 strings (IC86). It contains 20145 muons detected over a live time of
343.7 days [7] (a preliminary attempt using IceCube data with very limited event statistics was
presented in 2012 [8]). These muons are produced by up-going neutrinos and antineutrinos which,
after crossing the Earth, interact via charged-current processes in the bedrock or ice surrounding
the detector. The purity of the sample is ≈ 99%, the the zenith angle is between −1 < cosθz < 0.2
and the reconstructed muon energy spans in 400 GeV . E rec

µ . 20 TeV.
The distribution in cosine of the zenith angle of the data relative to the number of expected

events without attenuation is shown in fig. 1 for the full energy range and E rec
µ > 5 TeV. The blue

band show the 1-σ region for the expected measurements assuming the Preliminary Reference
Earth Model (PREM).

In order to account for systematic uncertainties, we consider four of the continuous nuisance
parameters described in the IC86 paper [7]: The overall flux normalization (N), the pion-to-kaon
ratio (π/K) determines the relative contribution to the neutrino flux from pion or kaon decays, the
uncertainty on the spectral shape of the atmospheric neutrino spectrum, ∆γ , is accounted for by
a tilt in the energy spectrum, and the uncertainty in the efficiency of the digital optical modules
(DOMeff).

We do a binned maximum likelihood fit for the nuisance parameters and use Multinest [9] to
perform a Bayesian inference in (ρ1,ρ2,ρ3,ρ4,ρ5), that correspond to the densities in the inner-
core region (ρ1), two equal-radius layer in the outer core (ρ2,ρ2), and two equal-radius layers in
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Figure 1: Distribution in cosine of the zenith angle of the data relative to the number of expected events
without attenuation: for the full energy range (a), and for Erec

µ > 5 TeV (b). From ref. [1]

the mantle region (ρ4,ρ5). We use the likelihood function,

logL (ρ1,ρ2,ρ3,ρ4,ρ5) = min~θ ,{d}

(
Nbins

∑
i=1

[
xi logλi(~θ)−λi(~θ)

]
+∑

η

(θη −Θη)
2

σ2
η

)
, (2.1)

where θη are the nuisance parameters and xi and λi the real and expected number of events in
the i-th zenith-energy bin. The error in the nuisance parameters is assumed Gaussian with central
value Θη and error ση . The expected number of events is computed propagating the neutrino
fluxes with the numerical code [10] and using the detector montecarlo simulation released by the
collaboration [7]. Details on the robustness of the result for different discrete systematic errors
such as primordial fluxes, hadronic models and cross sections can be found in [1].

3. Results

The results are summarized by the posterior probabilities shown in fig. 2. On the left, we
depict the one-dimensional probabilities for derived parameters such as the total mass, the mass of
the core, the momentum of inertia, and the difference between the average density in the core and
the mantle regions. On the right, we show the Earth’s density distribution (68% credible regions),
reconstructed with one year of IceCube data (in blue).

IceCube has already collected more years of data and it may be interesting to see what can
be done in the near future. To illustrate this in fig. 2 (right) we show in red the 68% regions for a
10-year forecast where mock data is generated assuming the PREM model and the central value for
all the systematic errors. The treatment of the errors is the same as used in the one-year analysis.

4. Acknowledgments

This work is supported by the grant FPA2016-76005-C2-1-P, María de Maetzu grant MDM-
2014-0367, research grant 2017-SGR-929 and the European Horizon 2020 No. 690575 and 674896.

2



P
o
S
(
N
O
W
2
0
1
8
)
0
1
5

Neutrino tomography of the Earth Jordi Salvado

0 1000 2000 3000 4000 5000 6000 7000
Earth Radius [km]

0.3

1.0

3.0

10.0

30.0

De
ns

ity
 [g

cm
−

3
]

PREM Model
Max 1D pos.
Max 1D pos. (10 yrs.)

Figure 2: (left) Posterior 1D probabilities for derived parameters. (right) 68% probability regions for the
different layers. In blue one year of data and in red 10-year forecast. From ref. [1]
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