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Updated Earth Tomography Using Atmospheric Neutrinos at IceCube

1. Introduction

The IceCube neutrino observatory [1] is a cubic-kilometer scale neutrino telescope situated
in ice at the South Pole. IceCube can detect astrophysical and atmospheric neutrinos, the latter
of which are neutrinos produced via cosmic-ray showers in the Earth’s atmosphere. When these
neutrinos interact, via charged current deep inelastic scattering, they produce a charged lepton; for
the muon flavored neutrinos, muons are produced, which leave long, characteristic, energy deposits
called tracks, in IceCube. The key information collected from each neutrino track is the muon’s
energy and zenith angle. The neutrino energy, E, , is inferred from the measured muon energy, and
can be reconstructed via machine learning methods, like in Ref. [2]. The zenith angle, 8, is defined
as the angle between the upward-pointing normal vector at IceCube’s location, and the vector which
points at the source of the neutrino, as reconstructed by the detector. A neutrino in the range
—1 < cos 8 < 0is known as upgoing, since these directions correspond to neutrinos which originate
from below the horizon. In the particular event selection described in detail in Ref. [2], IceCube has
measured 368,071 primarily atmospheric neutrino tracks in the upgoing direction, over the energy
range 500 GeV to 100 TeV in the time period of 10.6 years from 2011-2022. These tracks can
be classified as starting (vertex contained within the detector), or throughgoing (vertex outside the
detector). More information about this event selection, which was first used for a sterile neutrino
search, can be found at Refs. [2, 3]; we will use these events to perform our Earth tomography.

One modern understanding of the Earth’s density profile is the PREM model [4], which was
derived from seismological measurements. Atmospheric neutrinos can also be used to make such
a measurement, offering a unique opportunity to probe the Earth’s interior. Our sample of upgoing
neutrinos has traversed the Earth at various angles, corresponding to various column densities (the
density integrated along the neutrino’s path through the Earth). At around 10 TeV, Earth-scale
column densities have a non-negligible attenuation effect on the neutrino flux. By analyzing the
number of neutrinos that are observed at a certain point in the space of energy and zenith angle,
we can measure the column density in that direction. Furthermore, by assuming that the Earth
is a sphere with concentric layers, we may infer its density profile, mass, and moment of inertia.
Using neutrinos, we will perform a primarily weak force-based measurement, complementing
measurements using gravity and electromagnetism.

Ref. [5] performed such a measurement using only a year of IceCube data. While it had large
uncertainties, this measurement was a successful proof of concept that neutrinos can be used to
perform a tomography of the Earth. Compared to that work, we have greatly enhanced statistics,
a more updated treatment of systematic uncertainties, and improved energy reconstruction. In this
work, we present the latest sensitivities of an IceCube analysis to measure this density profile.

2. Methods

To perform the measurement, we perform a Poisson binned-likelihood analysis, in the Bayesian
format. The data and Monte Carlo (MC) events are split into 22 logarithmically-spaced bins of
energy spanning 500 GeV to 100 TeV, and 50 uniformly-spaced bins in the range cos 6 € [—1,0]. We
separately fit for starting and throughgoing distributions, which have distinct energy reconstruction
performances. In Fig. 1, we show the nominal MC event distribution. To construct the likelihood,



Updated Earth Tomography Using Atmospheric Neutrinos at IceCube

starting throughgoing
5.0 10* 5.0 10*
IceCube Preliminary IceCube Preliminary
4.5 4.5 4
? 108 ’ 108
= N
& 40 & 4.0 1
5 SUES) L 102 =
T 351 T35
E 10t E 10!
3.0 4 3.01

LL g0 — 10°
-1.0 —0.8 —0.6 —0.4 —0.2 0.0 -1.0 —0.8 —0.6 —0.4 —0.2 0.0

cos(0) cos(0)

Figure 1: The MC event distribution, weighted using nominal values of all model parameters, split into
starting and throughgoing events. This is the total distribution from simulated conventional, astrophysical,
and prompt neutrino fluxes attenuated through the PREM Earth density profile. The atmospheric fluxes are
simulated using the Daemonflux construction [8].

we describe the MC event weights in terms of the Earth density parameters to be inferred as well as
the nuisance parameters describing various sources of uncertainties and backgrounds. These stem
from the conventional (from the decay of kaons and pions made in atmospheric cosmic-ray showers)
and non-conventional fluxes (from astrophysical neutrinos, and from the prompt atmospheric decay
of charmed hadrons), light propagation through the ice, and detection efficiencies. To perform a
Bayesian inference, we employ the emcee Markov Chain MC (MCMC) framework [6] to sample
the posterior, which enables us to use the affine-invariant MCMC algorithm developed in Ref. [7].

2.1 Earth parametrization

We evaluate two models of the earth profile. Primarily, we divide the radial profile into five
constant-density layers, which is expected to yield the best precision on the density measurement,
and offers a direction comparison with the work in Ref. [5]. We also have a version with eight
layers, to assess whether a more fine-grained inference is possible. These profiles, in comparison
to the PREM model, are shown in Figs. 2 and 3. The parameters to infer are then the five or eight
densities that describe the entire density profile.

To parametrize the likelihood as a function of these densities, we pre-compute splines that
return a transmittivity factor, ¢, (between O and 1) given a neutrino’s true energy and traversed
column density. We use nuFATE [9] to calculate this attenuation. For each MC event, we calculate
the column density, x(6), as a function of the Earth layer densities. We also calculate the column
density x(6) given the nominal density values, taken as the average PREM density in that layer —
this is the default column density used to generate the MC events. The value of ¢ is then read from
the spline given the event’s column density and true energy, and the event weight is multiplied by a
factor ;Eig; . This gives a way for us to quickly vary MC event weights and calculate the likelihood
for each value of earth shell density. In our Bayesian analysis, we employ uniform priors in linear

space for the density value in each layer.
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Figure 2: The PREM density profile and the five-layer model. The x-axis plots the normalized radius of the
Earth, where R, is the full-Earth radius. The region that is close to horizontal direction with respect to the
IceCube location, in the range cos 8 € [-0.1, 0], is known as the horizon region. The top x-axis shows cos 6,
where 6 is the angle between the horizon and the tangent to the circle at the given radius.
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Figure 3: The PREM density profile and the eight-layer model.

2.2 Systematic uncertainties and background

The nuisance parameters that describe background fluxes and systematic uncertainties in this
analysis are grouped into the following categories.

* Detector parameters include an overall normalization and various parameters to describe the
optical scattering/absorption of the glacial Antarctic ice as a function of depth, as well as the
distinct ice in the IceCube bore holes that have been refrozen after detector construction.

* We use the Daemonflux [8] construction to model the conventional atmospheric neutrino
flux. We include the nuisance parameters from that model, which includes 10 parameters
describing uncertainties on inclusive hadronic production cross sections at different energy
points, and 6 parameters to model uncertainties on the cosmic ray flux. For details, refer to
Ref. [8]. We also include parameters that describe the atmospheric density and the rate of
kaon energy loss, as well as an overall normalization.
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* Non-conventional fluxes, meaning astrophysical and prompt atmospheric fluxes, are mod-
elled by a broken power law flux model with two spectral indices, a spectral break, and a
normalization.

* Finally, we have cross-section nuisance parameters which model the effect of an overall cross
section uncertainty.

There are 38 nuisance parameters in total. All nuisance parameters have an independently-
determined or estimated prior distribution, which are important inputs to the Bayesian analysis.
For more details on the nuisance parameter treatment, refer to Ref. [2], which uses the same

treatment.
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Figure 4: The posterior distributions, which are derived from MCMC sampling, of all nuisance parameters.
The density parameters are shown in the last row. The dashed vertical lines indicate the central prior values.
For more details on the particular nuisance parameter names and what they mean, refer to Ref.[2]

3. Sensitivities

We have computed sensitivities for the density parameters, where we fit to MC events held at
their nominal prior values. This gives a good sense of how precise our measurement is expected
to be. In Fig. 4 we show the posterior distributions for all nuisance and density parameters for the
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Figure 5: The nominal five-layer density profile and the 68% HPD regions for each layer overlaid. The
PREM profile is also plotted for reference. As mentioned previously, the top horizontal axis shows the cos 6
of the direction that is tangent to the circle at the given radius.
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Figure 6: The mass posterior distribution corresponding to the sensitivity. The posterior distribution is
shown in brown, while the nominal mass is in the dashed line, and the mean and 68% HPD of the posterior

is shown in the horizontal bar.

5 layer model. In particular, the density parameter that is directly inferred is a scale factor on the

average PREM density value in that layer. We can compute the 68% highest posterior density region

(HPD) for each of the density parameters and overlay them on a density profile. This is shown in

Fig. 5. The earth mass posterior corresponding to the density sensitivity is plotted in Fig. 6. Finally,

we also plot the sensitivity profile of the eight-layer model in Fig. 7.
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Figure 7: The nominal eight-layer density profile and the 68% HPD regions for each layer overlaid. The
PREM profile is also plotted for reference.

4. Conclusions

The sensitivities presented here correspond to the most precise measurement of the Earth
using neutrino attenuation to date. Our Asimov sensitivities using both the five-layer and eight-
layer parameterizations demonstrate that IceCube can probe the Earth’s radial density profile at
a level that is more precise than previous neutrino measurements. In each layer, the 68% HPD
intervals encompass the corresponding nominal values, indicating a successful performance of the
MCMC sampling while providing an estimate for the performance of a weak-interaction—based
measurement. The posterior distributions of all nuisance and density parameters offer a natural
way to estimate uncertainties in the measurement. The posterior for the total Earth mass likewise
has uncertainties reduced substantially compared to the one-year study in Ref. [5], thanks to a
combination of more data, improved energy reconstruction, and a more sophisticated nuisance
parameter treatment. In summary, this work establishes a promising sensitivity for the upcoming
measurement, and highlights the possibility of using neutrinos as a tomography tool in geophysics.
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