
Sergio Palomares Ruiz
IFIC, CSIC-U. Valencia

Earth tomography  
with neutrinos

October 9, 2019

Based on A. Donini, SPR and J. Salvado, Nature Physics 15:37, 2019

4th Uppsala workshop on  
Particle Physics with Neutrino Telescopes



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

The Earth’s interior: Early (crazy) ideas

First hypothesis based on 
observations: Hollow Earth

E. Halley, 1692



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

The Earth’s interior: Early (crazy) ideas

First hypothesis based on 
observations: Hollow Earth

… and then even crazier ideas…

E. Halley, 1692

J. C. Symmes, 1818 C. R. Teed, 1869



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

W. Reed, The phantom of the poles, 1906

The Earth’s interior: Early (crazy) ideas

First hypothesis based on 
observations: Hollow Earth

… and then even crazier ideas…

E. Halley, 1692

J. C. Symmes, 1818 C. R. Teed, 1869



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

W. Reed, The phantom of the poles, 1906

The Earth’s interior: Early (crazy) ideas

First hypothesis based on 
observations: Hollow Earth

… and then even crazier ideas…

E. Halley, 1692

J. C. Symmes, 1818 C. R. Teed, 1869



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

iron solid   
6371 km

5130 km

2870 km

660 km

6-60 km

iron liquid

rock solid

rock solid-
plastic-solid

co
re

m
an

tl
e

crust

ρ ≈ (12.8 -13.1) g/cm3

ρ ≈ (9.9 -12.2) g/cm3

ρ ≈ (4.4-5.6) g/cm3

ρ ≈ (3.4-4.4) g/cm3

ρ ≈ (2.2 -2.9) g/cm3

The Earth’s interior: The modern view



Sergio Palomares-RuizSergio Palomares-Ruiz
Earth tomography with neutrinosSergio Palomares-Ruiz

The Earth’s interior: how is it inferred?

Earthquakes:  
O(100/yr) with magnitude > 6   
Shaking and trembling of 
Earth’s surface caused by 
sudden release of stress 
within the crust

Seismic waves: 
P-waves -> compressional: travel through liquids and solids 
S-waves -> shear: travel through solids only

propagation depends on composition, temperature and pressure 
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The Earth’s mass and moment of inertia: 
gravitational measurements

GM: satellite laser ranging (SLR)

Measures the gravity field
GM =3.986004418(4)×1014  m3s−2

J. C. Ries, Geophys. Res. Abs. 9:10809, 2007
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layer, and the correction is reduced to less than 2 p.p.m. owing to the 
low density of Al.

Air density
In the AAF method, the source masses are located in air, outside the 
vacuum chamber. The volume of air displaced by the sphere introduces 
a negative gravitational torque at the signal frequency. The associated 
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average 
air density, which is monitored by an air density measurement system, 
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average  
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m. 
In each run, the correction for this effect is applied in real time accord-
ing to the measured air density. In the TOS method, both the pendulum 
and source masses are placed in the same vacuum chamber, thus no air 
density effect needs to be considered.

The thermal effect
In both methods, corrections were applied for thermal effects on all 
the geometrical parameters, such as the pendulum’s dimensions and 
the distance between the geometric centres of the spheres. The torsion  
spring constant of the fibre is also temperature-dependent owing to 
thermoelasticity34. For a small range of temperature variation, the 
spring constant of the fibre is linearly proportional to the temperature. 
The typical thermoelastic coefficient of the silica fibre used in this work 
was determined to be 101(1) × 10−6 °C−1 using a temperature modu-
lation experiment23,35,36. This coefficient is slightly different from fibre 
to fibre. According to the monitored temperature variation around the 
fibre, the correction for the thermoelastic effect was applied synchro-
nously for each run when extracting the oscillation frequency of the 
pendulum in the TOS method (Extended Data Table 5).

In the AAF method, the thermoelastic effect is negligible because the 
fibre does not twist. In addition, the temperature variation in the room 
was increased to about 1 °C, and the response coefficient of angular 
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×  
10−12 rad s−2 °C−1 (Extended Data Fig. 4). Considering that the  
temperature variation was less than 0.1 °C during each experimental 
run, it contributes an uncertainty of no more than 0.91 p.p.m.

The electrostatic effect
In the TOS method, the electrostatic disturbance was effectively 
reduced by the shield inserted between the pendulum and the source 
masses. During data acquisition, the pendulum, the shield and the 
source masses were all grounded. However, the fluctuation of the 
electrostatic potential difference between the shield and the pen-
dulum could change the effective spring constant of the fibre and 

affect the oscillation period. We measured the oscillation period of 
the pendulum for a varying voltage applied on the shield. The typical 
response coefficient of the period to the voltage was −28.6(1) ms V−1 
near 0 V, corresponding to an extra electrostatic spring constant of 
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged 
between the ‘near’ and ‘far’ positions, the potential variation on the 
shield was measured by a digital multimeter to be less than 10 µV, 
which contributes an uncertainty of no more than 0.17 p.p.m. to the 
G value. We applied different voltages on the shield in the sequence 
ground, 0.1 V, −0.1 V, ground, and found that the period of the pen-
dulum changed correspondingly, but the period differences between 
the ‘near’ and ‘far’ positions were consistent with each other (Extended 
Data Fig. 5). This further confirms that the electrostatic effect on the G 
measurement with the TOS method is very small.

In the AAF method, a grounded vacuum chamber made of alumin-
ium alloy shields electrostatically the grounded pendulum from the 
source masses. We found no substantial influence of the pendulum 
oscillation on the noise spectrum when a 1-mHz square wave voltage 
with an amplitude of about 10 V was applied on the upper-layer spheres 
(Fig. 1b).

The magnetic effect
In the TOS method, the interaction between the local magnetic field 
and residual magnetic moment of the spheres produces an additional 
torque on the pendulum. The contribution of this effect to the uncer-
tainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m. 
(in TOS-II), following the method used in ref. 37. In the AAF method, 
the horizontal magnetic gradient generated by the source masses pro-
duces a periodic torque on the pendulum at a signal frequency of 2ωd. 
We measured this correction to be 24.2(1.4) p.p.m. when an increased 
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the 
source-mass position. Because the background gradient induced by the 
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty 
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three 
layers of Mu-metal shields were used to enclose the pendulum, and this 
error was reduced to less than 0.90 p.p.m.

Data acquisition and analysis
In the TOS method, all the data, including the pendulum twist, the tem-
perature, seismic disturbances and fluctuations of the air pressure, were 
taken at a regular intervals of 0.5 s triggered by a rubidium clock with 
a stability of 1 × 10−11 (at 1 s) and a frequency accuracy ≤1 × 10−10. 
The data taking procedure for all experimental runs was the same as 
that used in our previous experiments18,19. The acquisition time was 
three days for one position and the initial amplitude of the pendulum  

Fig. 3 | Comparison with previous results. G values obtained in this work 
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741, 
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644, 

HUST-0918,19, JILA-1045, BIPM-1410,11, LENS-1447, UCI-1446) and the 
CODATA-2014 value4. All error bars denote 1σ confidence level.
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Cavendish experiment
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GM =3.986004418(4)×1014  m3s−2

P. J. Mohr, D. B. Newell and B. N. Taylor, CODATA-2014, 
Rev. Mod. Phys. 88:035009, 2016

J. C. Ries, Geophys. Res. Abs. 9:10809, 2007
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layer, and the correction is reduced to less than 2 p.p.m. owing to the 
low density of Al.

Air density
In the AAF method, the source masses are located in air, outside the 
vacuum chamber. The volume of air displaced by the sphere introduces 
a negative gravitational torque at the signal frequency. The associated 
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average 
air density, which is monitored by an air density measurement system, 
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average  
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m. 
In each run, the correction for this effect is applied in real time accord-
ing to the measured air density. In the TOS method, both the pendulum 
and source masses are placed in the same vacuum chamber, thus no air 
density effect needs to be considered.

The thermal effect
In both methods, corrections were applied for thermal effects on all 
the geometrical parameters, such as the pendulum’s dimensions and 
the distance between the geometric centres of the spheres. The torsion  
spring constant of the fibre is also temperature-dependent owing to 
thermoelasticity34. For a small range of temperature variation, the 
spring constant of the fibre is linearly proportional to the temperature. 
The typical thermoelastic coefficient of the silica fibre used in this work 
was determined to be 101(1) × 10−6 °C−1 using a temperature modu-
lation experiment23,35,36. This coefficient is slightly different from fibre 
to fibre. According to the monitored temperature variation around the 
fibre, the correction for the thermoelastic effect was applied synchro-
nously for each run when extracting the oscillation frequency of the 
pendulum in the TOS method (Extended Data Table 5).

In the AAF method, the thermoelastic effect is negligible because the 
fibre does not twist. In addition, the temperature variation in the room 
was increased to about 1 °C, and the response coefficient of angular 
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×  
10−12 rad s−2 °C−1 (Extended Data Fig. 4). Considering that the  
temperature variation was less than 0.1 °C during each experimental 
run, it contributes an uncertainty of no more than 0.91 p.p.m.

The electrostatic effect
In the TOS method, the electrostatic disturbance was effectively 
reduced by the shield inserted between the pendulum and the source 
masses. During data acquisition, the pendulum, the shield and the 
source masses were all grounded. However, the fluctuation of the 
electrostatic potential difference between the shield and the pen-
dulum could change the effective spring constant of the fibre and 

affect the oscillation period. We measured the oscillation period of 
the pendulum for a varying voltage applied on the shield. The typical 
response coefficient of the period to the voltage was −28.6(1) ms V−1 
near 0 V, corresponding to an extra electrostatic spring constant of 
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged 
between the ‘near’ and ‘far’ positions, the potential variation on the 
shield was measured by a digital multimeter to be less than 10 µV, 
which contributes an uncertainty of no more than 0.17 p.p.m. to the 
G value. We applied different voltages on the shield in the sequence 
ground, 0.1 V, −0.1 V, ground, and found that the period of the pen-
dulum changed correspondingly, but the period differences between 
the ‘near’ and ‘far’ positions were consistent with each other (Extended 
Data Fig. 5). This further confirms that the electrostatic effect on the G 
measurement with the TOS method is very small.

In the AAF method, a grounded vacuum chamber made of alumin-
ium alloy shields electrostatically the grounded pendulum from the 
source masses. We found no substantial influence of the pendulum 
oscillation on the noise spectrum when a 1-mHz square wave voltage 
with an amplitude of about 10 V was applied on the upper-layer spheres 
(Fig. 1b).

The magnetic effect
In the TOS method, the interaction between the local magnetic field 
and residual magnetic moment of the spheres produces an additional 
torque on the pendulum. The contribution of this effect to the uncer-
tainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m. 
(in TOS-II), following the method used in ref. 37. In the AAF method, 
the horizontal magnetic gradient generated by the source masses pro-
duces a periodic torque on the pendulum at a signal frequency of 2ωd. 
We measured this correction to be 24.2(1.4) p.p.m. when an increased 
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the 
source-mass position. Because the background gradient induced by the 
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty 
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three 
layers of Mu-metal shields were used to enclose the pendulum, and this 
error was reduced to less than 0.90 p.p.m.

Data acquisition and analysis
In the TOS method, all the data, including the pendulum twist, the tem-
perature, seismic disturbances and fluctuations of the air pressure, were 
taken at a regular intervals of 0.5 s triggered by a rubidium clock with 
a stability of 1 × 10−11 (at 1 s) and a frequency accuracy ≤1 × 10−10. 
The data taking procedure for all experimental runs was the same as 
that used in our previous experiments18,19. The acquisition time was 
three days for one position and the initial amplitude of the pendulum  

Fig. 3 | Comparison with previous results. G values obtained in this work 
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741, 
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644, 
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layer, and the correction is reduced to less than 2 p.p.m. owing to the 
low density of Al.

Air density
In the AAF method, the source masses are located in air, outside the 
vacuum chamber. The volume of air displaced by the sphere introduces 
a negative gravitational torque at the signal frequency. The associated 
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average 
air density, which is monitored by an air density measurement system, 
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average  
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m. 
In each run, the correction for this effect is applied in real time accord-
ing to the measured air density. In the TOS method, both the pendulum 
and source masses are placed in the same vacuum chamber, thus no air 
density effect needs to be considered.

The thermal effect
In both methods, corrections were applied for thermal effects on all 
the geometrical parameters, such as the pendulum’s dimensions and 
the distance between the geometric centres of the spheres. The torsion  
spring constant of the fibre is also temperature-dependent owing to 
thermoelasticity34. For a small range of temperature variation, the 
spring constant of the fibre is linearly proportional to the temperature. 
The typical thermoelastic coefficient of the silica fibre used in this work 
was determined to be 101(1) × 10−6 °C−1 using a temperature modu-
lation experiment23,35,36. This coefficient is slightly different from fibre 
to fibre. According to the monitored temperature variation around the 
fibre, the correction for the thermoelastic effect was applied synchro-
nously for each run when extracting the oscillation frequency of the 
pendulum in the TOS method (Extended Data Table 5).

In the AAF method, the thermoelastic effect is negligible because the 
fibre does not twist. In addition, the temperature variation in the room 
was increased to about 1 °C, and the response coefficient of angular 
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×  
10−12 rad s−2 °C−1 (Extended Data Fig. 4). Considering that the  
temperature variation was less than 0.1 °C during each experimental 
run, it contributes an uncertainty of no more than 0.91 p.p.m.

The electrostatic effect
In the TOS method, the electrostatic disturbance was effectively 
reduced by the shield inserted between the pendulum and the source 
masses. During data acquisition, the pendulum, the shield and the 
source masses were all grounded. However, the fluctuation of the 
electrostatic potential difference between the shield and the pen-
dulum could change the effective spring constant of the fibre and 

affect the oscillation period. We measured the oscillation period of 
the pendulum for a varying voltage applied on the shield. The typical 
response coefficient of the period to the voltage was −28.6(1) ms V−1 
near 0 V, corresponding to an extra electrostatic spring constant of 
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged 
between the ‘near’ and ‘far’ positions, the potential variation on the 
shield was measured by a digital multimeter to be less than 10 µV, 
which contributes an uncertainty of no more than 0.17 p.p.m. to the 
G value. We applied different voltages on the shield in the sequence 
ground, 0.1 V, −0.1 V, ground, and found that the period of the pen-
dulum changed correspondingly, but the period differences between 
the ‘near’ and ‘far’ positions were consistent with each other (Extended 
Data Fig. 5). This further confirms that the electrostatic effect on the G 
measurement with the TOS method is very small.

In the AAF method, a grounded vacuum chamber made of alumin-
ium alloy shields electrostatically the grounded pendulum from the 
source masses. We found no substantial influence of the pendulum 
oscillation on the noise spectrum when a 1-mHz square wave voltage 
with an amplitude of about 10 V was applied on the upper-layer spheres 
(Fig. 1b).

The magnetic effect
In the TOS method, the interaction between the local magnetic field 
and residual magnetic moment of the spheres produces an additional 
torque on the pendulum. The contribution of this effect to the uncer-
tainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m. 
(in TOS-II), following the method used in ref. 37. In the AAF method, 
the horizontal magnetic gradient generated by the source masses pro-
duces a periodic torque on the pendulum at a signal frequency of 2ωd. 
We measured this correction to be 24.2(1.4) p.p.m. when an increased 
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the 
source-mass position. Because the background gradient induced by the 
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty 
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three 
layers of Mu-metal shields were used to enclose the pendulum, and this 
error was reduced to less than 0.90 p.p.m.

Data acquisition and analysis
In the TOS method, all the data, including the pendulum twist, the tem-
perature, seismic disturbances and fluctuations of the air pressure, were 
taken at a regular intervals of 0.5 s triggered by a rubidium clock with 
a stability of 1 × 10−11 (at 1 s) and a frequency accuracy ≤1 × 10−10. 
The data taking procedure for all experimental runs was the same as 
that used in our previous experiments18,19. The acquisition time was 
three days for one position and the initial amplitude of the pendulum  

Fig. 3 | Comparison with previous results. G values obtained in this work 
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741, 
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644, 

HUST-0918,19, JILA-1045, BIPM-1410,11, LENS-1447, UCI-1446) and the 
CODATA-2014 value4. All error bars denote 1σ confidence level.
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Preliminary reference Earth Model (PREM)
A. M. Dziewonski and D. L. Anderson, Phys, Earth Planet. Inter. 25:297, 1981

1-D density profile From seismic wave data and imposing the Earth’s radius, 
mass and moment of inertia as additional constraints
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understanding the core is 
fundamental to understand 

the Earth magnetism 
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Is there any other way to study the 
Earth’s internal structure beyond seismic 
waves and gravitational measurements?

Yes!  
Weak interactions: Neutrinos!
Old idea: First mentioned in…  
a 1973 CERN report 

and a 1974 talk

A. Placci and E. Zavattini, submitted in October 1973 to Nuovo Cimento… but never published

L. V. Volkova and G. T. Zatsepin, Izv. Akad. Nauk. Ser. Fiz. 38N5:1060, 1974

Using man-made 
neutrino beams
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oscillation tomography Coherent effect in neutrino propagation

Review: W. Winter, Earth Moon Planets 99:285, 2006

dφν (Eν , x)
dx

= −i U  Hvac  U
† +Vm( )  φν (Eν , x)

Atmospheric neutrinos

Man-made beams

Supernova neutrinos

V. K. Ermilova, V. A. Tsarev and V. A. Chechin, JETP Lett. 43:453, 1986

Solar neutrinos
A. N. Ioanissian and A. Smirnov, hep-ph/0201012

S. K. Agarwalla, T. Li, O. Mena and SPR, arXiv:1212.2238

E. K. Akhmedov, M. A. Tórtola and J. W. F. Valle, JHEP 0506:053, 2005

P2ν να →νβ( ) = sin2 2θ m sin2 ΔmL
4E

⎛
⎝⎜

⎞
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Δm = Δm2 cos2θ ∓ 2EV( )2 + Δm2 sin2θ( )2
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oscillation tomography

absorption tomography

Coherent effect in neutrino propagation

Incoherent effect in neutrino propagation

dφν (Eν , x)
dx

≈ −n(x) σ (Eν ) φν (Eν , x)

Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also in-
dicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓recz for different reconstructed muon en-
ergy thresholds. The uppermost curve shows the zenith distribution
for the entire IC86 sample (that is, 20145 muons in the energy range
400 GeV . Erec

µ . 20 TeV) and the lowermost curve corresponds
to the highest threshold in this plot, Erec

µ > 2.5 TeV. Up-going neu-
trinos correspond to cos ✓recz = �1. For all the data points the error
bars represent one standard statistical deviation.

of 343.7 days 8 (a preliminary attempt using IceCube data with very98

limited event statistics was presented in 2012 20). These muons are99

produced by up-going neutrinos and antineutrinos which, after cross-100

ing the Earth, interact via charged-current processes in the bedrock or101

ice surrounding the detector. While propagating inside the detector at a102

speed higher than the speed of light in ice, these muons emit Cherenkov103

light, which is detected by the digital optical modules of the IceCube104

array. Details about the data sample and the modeling of the predicted105

event rate are provided in Methods.106

The energy and zenith distributions of the IC86 sample are shown107

in Fig. 1b. Since the atmospheric neutrino spectrum is a steeply falling108

function of the energy and, for the lowest energies, the neutrino absorp-109

tion length is much larger than the Earth’s diameter, most of the neu-110

trinos in the sample do not undergo significant absorption. Therefore,111

the distribution of the full sample is very similar to the atmospheric112

neutrino distribution at the Earth’s surface, which is more peaked to-113

wards the horizon 1. For higher energies, however, the observed event114

spectrum corresponding to up-going neutrinos with the longest trajec-115

tories through the Earth (cos ✓recz ⇠ �1) is suppressed with respect116

to the zenith-symmetric flux corresponding to down-going neutrinos117

that only propagate a few tens of kilometers without crossing the Earth118

(cos ✓recz ⇠ 1). The effect is more pronounced for neutrinos with119

higher energies and for those with longer propagation paths in the120

Earth, as they have a larger probability of interaction. Hence, by study-121

ing the zenith and energy distributions of the atmospheric neutrino flux122

and by comparing them with the flux without attenuation, information123

on the Earth’s density profile can be extracted. All events are useful,124

though: the events with the lowest energies or more horizontal trajec-125

tories serve us to fix the overall normalization and zenith distribution126

of the unattenuated atmospheric neutrino flux.127

To illustrate how to remove the intrinsic zenith dependence on the 128

atmospheric neutrino flux when comparing with the observed data, we 129

depict the ratio of the observed number of events to the expected one 130

in the case of no absorption, N
data

/N
no att

, as a function of the zenith 131

angle. If all energies in the IC86 sample are considered (Fig. 2a), statis- 132

tics is dominated by the low-energy events and the maximum observed 133

suppression is at the 10% level or below. For events with energies 134

above 5 TeV (Fig. 2b), however, the suppression in some of the most 135

vertical angular bins (cos ✓recz < �0.6) is up to 50%. For all energies, 136

the suppression is larger for more vertical trajectories, which imply a 137

longer propagation path. As an indication, we also show the expecta- 138

tions for the central value and the 1� statistical error of this ratio using 139

the one-dimensional Preliminary Reference Earth Model (PREM) 21. 140

We have parametrized the Earth’s density with a one-dimensional 141

five-layer profile with constant density in each of the layers (Fig. 1a). 142

One of the edges is chosen at the core-mantle boundary and another 143

one at the inner core-outer core boundary, so that we select three layers 144

in the core (one for the inner core and two for the outer core) and two 145

layers in the mantle. We have checked that, with this number of layers, 146

current data are not yet sensitive to the particular profile within a given 147

layer (see Supplementary Figs. 3 and 4 and Supplementary Tab. 1) 148

and, therefore, there is no expected gain when using more layers or 149

a more realistic density profile. We fit the average density of each of 150

the layers, which is allowed to vary freely, and obtain our main result, 151

the first one-dimensional Earth’s density profile measured by means of 152

weak interactions (Fig. 3). With one-year statistics the uncertainties 153

are large but, yet, compatible with results from geophysical methods 154

within 68% credible interval. Notice that these results are obtained 155

from one-dimensional marginalized posterior probability distributions 156

and correlations among all the parameters in the fit (five densities and 157
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Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also in-
dicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓recz for different reconstructed muon en-
ergy thresholds. The uppermost curve shows the zenith distribution
for the entire IC86 sample (that is, 20145 muons in the energy range
400 GeV . Erec

µ . 20 TeV) and the lowermost curve corresponds
to the highest threshold in this plot, Erec

µ > 2.5 TeV. Up-going neu-
trinos correspond to cos ✓recz = �1. For all the data points the error
bars represent one standard statistical deviation.
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neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also in-
dicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓recz for different reconstructed muon en-
ergy thresholds. The uppermost curve shows the zenith distribution
for the entire IC86 sample (that is, 20145 muons in the energy range
400 GeV . Erec

µ . 20 TeV) and the lowermost curve corresponds
to the highest threshold in this plot, Erec

µ > 2.5 TeV. Up-going neu-
trinos correspond to cos ✓recz = �1. For all the data points the error
bars represent one standard statistical deviation.
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FIG. 11. For a given astrophysical spectral index (x axis)
in the upper panel, the best fit prompt flux (blue line) and
its errors (band at 68% C.L.) from the profile likelihood scan
are obtained. The bottom panel shows the range of allowed
region of the index parameter from the full fit.

down-going prompt neutrinos will be accompanied by
muons which will cause the event to be rejected. This
will show up as a change in the zenith angle distribution,
with down-going events suppressed, in contrast to the
astrophysical component, which will remain isotropic.

The presence of very high energy events (∼1 PeV) in
the downward region favors the astrophysical component
over the prompt component. It should be noted that the
presence of the cosmic-ray knee introduces a kink into
the prompt component spectrum. As Fig. 12 shows,
at energies above a few hundred TeV, this kink further
reduces the prompt component.

Since the fit results for the conventional components
are not influenced by the prompt or astrophysical com-
ponents, we obtain the conventional νe spectrum inde-
pendent of assumptions about the other components. A
separate fit is performed by introducing conventional νe
components divided into four true energy ranges while
keeping all of the other components unchanged. The re-
sulting best-fit normalizations in each range produce the
neutrino fluxes as shown in Fig. 12 and Table III. The
fit finds good agreement with models of the conventional
νe flux. The other components in the fit show consistent
values when compared to the previous baseline fit.

The relatively high conventional νe flux normalization
measured in the first fit can be further examined by vary-
ing the relative contribution from π and K to the con-
ventional neutrino fluxes. In a third fit, we introduce an
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FIG. 12. The atmospheric νe flux result (shown as red filled
triangles). Markers indicate the IceCube measurements of
the atmospheric neutrino flux while lines show the theoreti-
cal models. The black circles and the blue band come from
the through-going upward νµ analyses [3, 4]. The open tri-
angles show the νe measurement with the IceCube-DeepCore
dataset [2]. The magenta band shows the modified ERS pre-
diction.

TABLE III. The results of the binned (‘second’) fit to the νe
flux for an E−2 spectrum, in four energy bins.

log10 E
min
ν −log10 E

max
ν ⟨Eν⟩(GeV) E2

νΦν(GeV cm−2s−1sr−1)

2.0 − 2.5 270 (1.0± 0.9) × 10−5

2.5 − 3.0 590 (7.6± 1.9) × 10−6

3.0 − 4.0 2.5 × 103 (6.4± 2.6) × 10−7

4.0 − 5.0 20.7 × 103 (3.5± 3.3) × 10−8

extra fit parameter (ξ) which modifies the K contribu-
tions in Eq. 7 and in Eq. 8 simultaneously.

Φνµ(ξ) = C ·E−2.65
νµ

· (wπ + ξ · wK) (7)

Φνe(ξ) = C′ ·E−2.65
νe · ξ · wK′ (8)

A value of ξ = 1 corresponds to the standard expec-
tations based on the modified Honda model and a value
of ξ > 1 corresponds to increased kaon production. As
the conventional νµ and νe flux normalizations are fixed
to the baseline model, ξ probes the deviations from the
model due to relative K contribution. The νe normaliza-
tion C′ and the kaon weight wK′ are fixed at the Honda
flux. For the νµ part, while the change in ξ corresponds
to a change in shape of the energy distribution, the total
number of νµ events is fixed to the baseline expectation

nσ ∼ E
40 TeV
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First attempt using 1 year of IC-40 data
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Pµµ(Eν , L) exp{−X(θ)[σNC(Eν) + σα
CC(Eν)]} , (2)

where Pµµ(Eν , L = 2R |cos θ|) is the oscillation proba-
bility. For Eν ! 1 TeV, Pµµ ≃ 1. X(θ) is the column
density of the Earth, and R its radius:

X(θ) = NA

∫ L=2R|cos θ|

0

ρE(
√

R2 + z2 + 2Rz cos θ) dz . (3)

NA is the Avogadro number, and ρE(r) is the Earth mat-
ter density assumed to be spherically symmetric.
Equation (2) embodies the physics that makes Earth

tomography with HE neutrinos possible. At sufficiently
high energies, Eν ! 10 TeV, the attenuation fac-
tor exp{−X(θ)[σNC(Eν) + σα

CC(Eν)]} becomes relevant.
Thus measuring N

νµ
ev one can get information on ρE(r).

In the left panel of Fig. 1 we show the expected zenith
angle distribution of atmospheric νµ-induced events in
IceCube for different Efin,min

µ energy threshold as ob-
tained using the Earth matter density profile of the Pre-
liminary Reference Earth Model (PREM) [20]. In the
PREM the Earth consists of a mantle extending to ra-
dial distance r ∼ 3000 km below the Earth surface and
a core under it with a sharp core-mantle transition in
density of about a factor 2. Thus neutrinos arriving with
θ ! 147 degrees (cos θ " −0.84) will cross the core in
their way to the detector.
In the figure one notices, at sufficiently high energies, a

reduction of the number of events for trajectories which
cross the core resulting in a “kink” in the angular dis-
tribution around θ ! 147. This feature is more clearly
illustrated in the right panel of Fig. 1 where we plot the
ratio of the zenith angle distribution of events with ener-
gies above Efin,min

µ divided by the number of events with
no additional energy cut, which effectively corresponds
to events with a threshold energy Efin,L2

µ ∼ 100 GeV.
Figure 1 illustrates the potential of doing Earth to-

mography with the IceCube ATM-ν samples. However
one must realize that the angular dependence in the
ratio shown in the right panel of Fig. 1 is not only
due to Earth attenuation factor: there is an additional,
Earth-independent, contribution from the variation of
the zenith angle distribution of the fluxes with Eν which
does not cancel out in the ratio of events at different ener-
gies. In principle this effect could be removed by compar-
ing the ratio of upgoing (θ > 90 degrees) and downgoing
events (θ < 90 degrees). In practice, the overwhelming
atmospheric muon background makes the measurement
of downgoing νµ events impossible at these energies.
In order to quantify the sensitivity of IceCube to the

Earth density profile we study the ratio of observed
events above a given energy threshold to the one expected
for an Earth of equal mass as ours but with an homoge-
neous matter distribution, ρhom = 3MEarth/(4πR3):

R =
Nµ(Efin

µ > Efin,min
µ , cos θ, ρPREM)

Nµ(Efin
µ > Efin,min

µ , cos θ, ρhom)
(4)
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FIG. 2: Ratio of zenith angle distribution of expected events
for the PREM over the expectations with an homogeneous
Earth matter distribution for different values of the energy
threshold of the events. The error bars in the figure show the
expected statistical error in 10 years of IceCube.

Efin,min
µ

[cos θ] Efin,L2
µ 10 TeV 32 TeV

[−1.00,−0.83] 108320 254 27

[−0.83,−0.67] 115224 359 49

[−0.67,−0.50] 123524 429 62

[−0.50,−0.33] 137676 537 82

[−0.33,−0.17] 162500 736 111

[−0.17, 0.00] 205500 1132 169

TABLE I: Number of expected atmospheric νµ-induced muon
events in 10 years of IceCube operation in the different angu-
lar bins and energy thresholds for the PREM.

In Fig. 2 we show this ratio obtained by integrating the
events in the numerator and denominator in 6 angular
bins in cos θ, and for three values of the threshold en-
ergy: Efin,L2

µ ∼ 100 GeV, 10 TeV, and 32 TeV. In this
plot, trajectories crossing the core are contained in the
most vertical bin. In the figure we also show the ex-
pected statistical uncertainty σstat,i, computed from the
expected number of events in each angular bin in the
PREM in 10 years of IceCube (see Table I).

As expected, events with low energy threshold have
no sensitivity to the Earth density and consequently the
ratio for Efin,L2

µ ∼ 100 GeV is practically constant and
equal to 1. As Efin,min

µ increases the ratio becomes in-
creasingly different from 1, reflecting the fact that the
effect of the Earth matter profile becomes more evi-
dent. The strategy is then obvious. One uses the mea-
sured zenith angular distribution of the L2 event sam-
ple as normalization to obtain the expectations for a
constant density Earth at higher energies, Nµ(Efin

µ >

Efin,min
µ , cos θ, ρhom). By comparing the expectations

with observation, one can quantify the sensitivity to the
Earth matter profile.

After normalizing to the observed L2 distribution
residual theoretical uncertainties remain associated with
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illustrates the level of sensitivity of the angular bins with respect to ρm and ρc. A variation
of the expected number of events per bin which is typically less than 5% is fully compatible
with a statistics larger than 104 in ten years of running time.

It is worth reminding that these results are obtained in a very simplified PREM model,
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IceCube data set

Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also in-
dicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓recz for different reconstructed muon en-
ergy thresholds. The uppermost curve shows the zenith distribution
for the entire IC86 sample (that is, 20145 muons in the energy range
400 GeV . Erec

µ . 20 TeV) and the lowermost curve corresponds
to the highest threshold in this plot, Erec

µ > 2.5 TeV. Up-going neu-
trinos correspond to cos ✓recz = �1. For all the data points the error
bars represent one standard statistical deviation.

of 343.7 days 8 (a preliminary attempt using IceCube data with very98

limited event statistics was presented in 2012 20). These muons are99

produced by up-going neutrinos and antineutrinos which, after cross-100

ing the Earth, interact via charged-current processes in the bedrock or101

ice surrounding the detector. While propagating inside the detector at a102

speed higher than the speed of light in ice, these muons emit Cherenkov103

light, which is detected by the digital optical modules of the IceCube104

array. Details about the data sample and the modeling of the predicted105

event rate are provided in Methods.106

The energy and zenith distributions of the IC86 sample are shown107

in Fig. 1b. Since the atmospheric neutrino spectrum is a steeply falling108

function of the energy and, for the lowest energies, the neutrino absorp-109

tion length is much larger than the Earth’s diameter, most of the neu-110

trinos in the sample do not undergo significant absorption. Therefore,111

the distribution of the full sample is very similar to the atmospheric112

neutrino distribution at the Earth’s surface, which is more peaked to-113

wards the horizon 1. For higher energies, however, the observed event114

spectrum corresponding to up-going neutrinos with the longest trajec-115

tories through the Earth (cos ✓recz ⇠ �1) is suppressed with respect116

to the zenith-symmetric flux corresponding to down-going neutrinos117

that only propagate a few tens of kilometers without crossing the Earth118

(cos ✓recz ⇠ 1). The effect is more pronounced for neutrinos with119

higher energies and for those with longer propagation paths in the120

Earth, as they have a larger probability of interaction. Hence, by study-121

ing the zenith and energy distributions of the atmospheric neutrino flux122

and by comparing them with the flux without attenuation, information123

on the Earth’s density profile can be extracted. All events are useful,124

though: the events with the lowest energies or more horizontal trajec-125

tories serve us to fix the overall normalization and zenith distribution126

of the unattenuated atmospheric neutrino flux.127

To illustrate how to remove the intrinsic zenith dependence on the 128

atmospheric neutrino flux when comparing with the observed data, we 129

depict the ratio of the observed number of events to the expected one 130

in the case of no absorption, N
data

/N
no att

, as a function of the zenith 131

angle. If all energies in the IC86 sample are considered (Fig. 2a), statis- 132

tics is dominated by the low-energy events and the maximum observed 133

suppression is at the 10% level or below. For events with energies 134

above 5 TeV (Fig. 2b), however, the suppression in some of the most 135

vertical angular bins (cos ✓recz < �0.6) is up to 50%. For all energies, 136

the suppression is larger for more vertical trajectories, which imply a 137

longer propagation path. As an indication, we also show the expecta- 138

tions for the central value and the 1� statistical error of this ratio using 139

the one-dimensional Preliminary Reference Earth Model (PREM) 21. 140

We have parametrized the Earth’s density with a one-dimensional 141

five-layer profile with constant density in each of the layers (Fig. 1a). 142

One of the edges is chosen at the core-mantle boundary and another 143

one at the inner core-outer core boundary, so that we select three layers 144

in the core (one for the inner core and two for the outer core) and two 145

layers in the mantle. We have checked that, with this number of layers, 146

current data are not yet sensitive to the particular profile within a given 147

layer (see Supplementary Figs. 3 and 4 and Supplementary Tab. 1) 148

and, therefore, there is no expected gain when using more layers or 149

a more realistic density profile. We fit the average density of each of 150

the layers, which is allowed to vary freely, and obtain our main result, 151

the first one-dimensional Earth’s density profile measured by means of 152

weak interactions (Fig. 3). With one-year statistics the uncertainties 153

are large but, yet, compatible with results from geophysical methods 154

within 68% credible interval. Notice that these results are obtained 155

from one-dimensional marginalized posterior probability distributions 156

and correlations among all the parameters in the fit (five densities and 157

2

A. Donini, SPR and J. Salvado, Nature Physics 15:37, 2019

1 year of up-going high-energy muon neutrino events (IC86) 

used and prepared for the IC sterile neutrino analysis

Energy range: ~ 400 GeV - 20 TeV 
Zenith angle range: cos θ = [-1, 0.2]  
Number of events: 20145 (343.7 days) 
>99.9% muon neutrino purity

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 117:071801, 2016

Publicly available!
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FIG. 1. All particle spectrum as measured by ground based arrays. The data are from [18–31]. The solid and dashed lines
represent the power law models used as the parametrization of the primary cosmic-ray flux for this work. Data compilation
after [32].

sources [36].

In order to have a description of the expected atmo-
spheric neutrino flux arising from cosmic-ray interactions
in the Earth’s atmosphere, a careful parametrization of
the cosmic-ray composition is necessary. Some of the
previous Monte-Carlo calculations reached neutrino en-
ergies up to 10 TeV e.g. Barr et al. [37] who uses a pri-
mary spectrum from Agrawal et al. [38] or Honda et al.

[39] who use BESS [40] and AMS [12] cosmic-ray data.
Analytical calculations above the PeV region were per-
formed by Sinegovsky et al. [41]. In particular the lat-
ter uses the model of the cosmic-ray spectrum following
Zatsepin and Sokolskaya [42] (ZS), who assumed three
classes of Galactic sources. The first source class is the
explosion of Supernovae into the interstellar medium, the
second class is motivated by the explosion of supermas-
sive stars into the local super-bubble and the third class
explains the flux of nuclei below 300 GeV by Nova ex-
plosions. The ZS model provides a smooth transition
from the all-particle spectrum measured in the direct ex-
periments to that measured with extensive air showers,
and it is compatible with the all-particle spectrum by
KASCADE [27] and GAMMA [43]. All considered mod-
els with a (rigidity-dependent) knee are motivated by
the fact that both acceleration and propagation in mod-
els involving collisionless di↵usion in magnetized plas-
mas lead to the expectation of a rigidity-dependent cut-
o↵ for each individual component with a particle charge
Z, Ecut,Z / Z [44–48]. This can explain the steepen-
ing of the spectrum around the knee and can be taken

into account in the modeling of the cosmic-ray spectrum
using a smoothed power law function as summarized in
e.g. [45, 49]. To e↵ectively describe the all-particle spec-
trum of cosmic-rays, five di↵erent primary mass groups,
namely H, He, CNO, Mg-Si and Fe, are usually used to
obtain a realistic representation, see e.g. [50, 51]. The in-
dividual spectra of the five components are summed up
to get the all-particle spectrum. Recently, the PAMELA
Collaboration has provided a new set of parameters for
the proton and helium components of the first and third
source class of the ZS model. These parameters are de-
rived through a fit to their data [13]. The agreement to
the data is significantly improved, thus in the following
we use these updated parameters and refer to the model
as (ZS/PAMELA).

The poly-gonato model [45, 49] describes the individ-
ual mass spectra up to the knee region fairly well, nev-
ertheless the relatively steep dependence above the knee
is not in agreement with the all-particle spectrum obser-
vations above about 1017 eV. Primary particles in this
energy range contribute to the production of leptons in
extensive air showers in the 100 TeV to PeV region. It is
still disputed whether at this energy extragalactic cosmic-
rays can be considered as valid source class, or if a second
Galactic component contributes to the primary spectrum
between the knee and the ankle. In Hillas [52] it is sug-
gested that the primary cosmic-ray spectrum is composed
of three populations. The first population is associated
to particles accelerated in Supernova Remnants with the
knee indicating the cuto↵. The second population (the

A. Fedynitch, J. B. Tjus and P. Desiati, 
Phys. Rev. D86:114024, 2012
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FIG. 1:
√
s-dependence of the total, inelastic, and elastic

pp cross sections, as calculated using the QGSJET-II-04
[6], EPOS-LHC [4], SIBYLL-2.3 [8], and QGSJET [10]
models (solid, dashed, dash-dotted, and dotted lines re-
spectively). Experimental data are from Refs. [12–14].

and the very initial conditions for the parton cascades.
Therefore, new experimental data corresponding to a
different energy or kinematic range are very valuable
for tuning the parameters of such phenomenological
models and, more importantly, for discriminating in-
valid theoretical solutions.
In what concerns cosmic ray interaction models, the

most important results of Run 1 of the LHC have been
precise measurements of the total and elastic proton-
proton cross sections by the TOTEM and ATLAS ex-
periments [12, 13]. Apart from reducing drastically
the differences between the respective model predic-
tions in the limit of ultra-high energies, as illustrated
in Fig. 1, those experimental results constrained a
number of key parameters of the models, which impact
many other model predictions, e.g. for secondary par-
ticle production. While measurements of secondary
particle production at the central rapidity region by
the ALICE, ATLAS, and CMS experiments at the
LHC have not revealed any serious deficiencies of CR
interaction models [11], the corresponding experimen-
tal results contributed to fine-tuning of model param-
eters. And the new model versions appeared to be in
a reasonably good agreement with experimental data
from LHC Run 2 on soft particle production [15–17].
Yet the models diverge considerably in their predic-

tions for EAS properties, as illustrated in Fig. 2 for
the particular case of Xmax. It is thus highly desirable
to reveal the reasons for those differences and to find
ways to further constrain model predictions or, even
better, to refute some model approaches. In partic-
ular, one may hope to gain insight into the problem,
based on measurements of forward hadron spectra by
the TOTEM and LHCf experiments at the LHC, since
the corresponding results proved to be a challenge for
most of the present Monte Carlo generators [18–20].
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FIG. 2: Primary energy dependence of the average shower
maximum depth for proton- and iron-initiated vertical
EAS, as calculated using the QGSJET-II-04, EPOS-LHC,
SIBYLL-2.3, and QGSJET models (solid, dashed, dash-
dotted, and dotted lines respectively).

III. IMPACT OF CONSTITUENT PARTON
FOCK STATES

Let us start with SIBYLL-2.3 which predicts the
largest values for Xmax and for the shower elonga-
tion rate between all the considered models, as one
can see in Fig. 2. This appears to be related to the
very basic model assumptions concerning the struc-
ture of constituent parton Fock states in hadrons, i.e.
for the above-mentioned initial conditions for parton
cascades, as discussed in more detail in Ref. [21]. Like
most of the hadronic event generators used in the col-
lider field, the SIBYLL model is based on the “mini-
jet” approach which corresponds implicitly to the pic-
ture shown schematically on the left-hand side (lhs)
of Fig. 3. At large Feynman x, one starts from the
same universal parton Fock state. Additional partons
(sea quarks or gluons) giving rise to new branches of
the parton cascade, which take part in the multiple
scattering processes, result from the evolution of the
parton density corresponding to this initial state and
their momentum fractions are distributed as ∝ 1/x
in the very high energy limit. Such a picture reflects
itself in the hadron production pattern predicted by
the model: Multiple scattering affects mostly central
particle production, while having a weak influence of
forward hadron spectra. Indeed, the latter are formed
by the hadronization of partons emerging from the
initial part of the underlying parton cascade, which
starts from the same initial conditions and covers a
short rapidity interval, being thus weakly dependent
on the further development of the cascade.

A direct consequence of the above-discussed ap-
proach is a weak energy dependence of the inelasticity
K inel, i.e. the relative energy loss of leading nucleons,

eConf C16-09-04.3
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FIG. 3: Schematic view of the initial part of the parton
cascade in the proton. Left: the cascade starts from the
same universal parton Fock state; new partons partici-
pating in multiple scattering processes emerge from the
cascade development, being characterized by ∝ 1/x dis-
tributions for the momentum fraction. Right: the proton
is represented by a superposition of Fock states consisting
of different numbers of large x constituent partons; the
more abundant multiple scattering the larger Fock states
involved in the process.

in proton-proton and proton-nucleus collisions. With
increasing energy, one obtains a significant enhance-
ment of secondary particle production in the central
rapidity region only, which has a weak impact on the
energy loss of leading nucleons. As one can see in
Fig. 4, the energy dependence of K inel

pp is indeed al-
most flat for SIBYLL-2.3. In turn, a slower energy-
rise of the inelasticity implies a larger EAS elongation
rate and a larger Xmax at sufficiently high energies
(see, e.g. Ref. [22]), as we observed indeed in Fig. 2.

In the alternative approach, implemented in the
EPOS and QGSJET(-II) models, a proton is repre-
sented by a superposition of a number of Fock states
containing different numbers of large x constituent
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FIG. 4: Energy dependence of the inelasticity of leading
nucleons in pp collisions, as calculated using the QGSJET-
II-04, EPOS-LHC, and SIBYLL-2.3 models (solid, dashed,
and dash-dotted lines respectively).
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FIG. 5: dnch
pp/dη for pp collisions at

√
s = 8 TeV, as calcu-

lated using the QGSJET-II-04, EPOS-LHC, and SIBYLL-
2.3 models (solid, dashed, and dash-dotted lines respec-
tively) for the nondiffractive event selection of TOTEM:
at least one charged hadron produced both at −6.5 < η <
−5.3 and at 5.3 < η < 6.5. The CMS and TOTEM data
are shown by filled squares and filled triangles respectively.

partons, as shown schematically on the right-hand side
(rhs) of Fig. 3. Further cascading of these partons
“dresses” them with low x parton clouds. As the over-
all parton multiplicity in the central rapidity region
is roughly proportional to the number of initial con-
stituent partons, stronger multiple scattering is typi-
cally associated with larger Fock states. Thus, there
is a strong long-range correlation between central and
forward particle production; higher multiplicity in the
central region reflects stronger multiple scattering. In
turn, this implies that bigger numbers of large x con-
stituent partons are involved in the process, which has
a strong impact on forward hadron spectra.
This naturally leads to a substantial energy-rise of

the inelasticity, which is clearly seen in Fig. 4 for
QGSJET-II-04 and EPOS-LHC. The reason for this
rise is twofold. First, for any given Fock state, in-
creasing multiple scattering implies that bigger num-
bers of large x constituent partons are involved in the
interaction, thus leaving smaller fractions of the initial
proton momentum for spectator partons which finally
form the leading nucleons. Additionally, Fock states
with bigger and bigger numbers of large x constituent
partons come into play. Momentum sharing between
these partons results in a smaller fraction of the initial
proton momentum, possessed by each parton, which
thus enhances the energy loss of the leading nucleons.
The minijet approach of the SIBYLL model is al-

ready disfavored by recent combined measurements by
the CMS and TOTEM experiments of the pseudora-
pidity η density dnch

pp/dη of produced charged hadrons
in pp collisions at

√
s = 8 TeV [18]. As one can see

in Fig. 5, dnch
pp/dη predicted by SIBYLL-2.3 steeply

falls down at large η, which reflects the quick decrease

eConf C16-09-04.3
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FIG. 1. All particle spectrum as measured by ground based arrays. The data are from [18–31]. The solid and dashed lines
represent the power law models used as the parametrization of the primary cosmic-ray flux for this work. Data compilation
after [32].

sources [36].

In order to have a description of the expected atmo-
spheric neutrino flux arising from cosmic-ray interactions
in the Earth’s atmosphere, a careful parametrization of
the cosmic-ray composition is necessary. Some of the
previous Monte-Carlo calculations reached neutrino en-
ergies up to 10 TeV e.g. Barr et al. [37] who uses a pri-
mary spectrum from Agrawal et al. [38] or Honda et al.

[39] who use BESS [40] and AMS [12] cosmic-ray data.
Analytical calculations above the PeV region were per-
formed by Sinegovsky et al. [41]. In particular the lat-
ter uses the model of the cosmic-ray spectrum following
Zatsepin and Sokolskaya [42] (ZS), who assumed three
classes of Galactic sources. The first source class is the
explosion of Supernovae into the interstellar medium, the
second class is motivated by the explosion of supermas-
sive stars into the local super-bubble and the third class
explains the flux of nuclei below 300 GeV by Nova ex-
plosions. The ZS model provides a smooth transition
from the all-particle spectrum measured in the direct ex-
periments to that measured with extensive air showers,
and it is compatible with the all-particle spectrum by
KASCADE [27] and GAMMA [43]. All considered mod-
els with a (rigidity-dependent) knee are motivated by
the fact that both acceleration and propagation in mod-
els involving collisionless di↵usion in magnetized plas-
mas lead to the expectation of a rigidity-dependent cut-
o↵ for each individual component with a particle charge
Z, Ecut,Z / Z [44–48]. This can explain the steepen-
ing of the spectrum around the knee and can be taken

into account in the modeling of the cosmic-ray spectrum
using a smoothed power law function as summarized in
e.g. [45, 49]. To e↵ectively describe the all-particle spec-
trum of cosmic-rays, five di↵erent primary mass groups,
namely H, He, CNO, Mg-Si and Fe, are usually used to
obtain a realistic representation, see e.g. [50, 51]. The in-
dividual spectra of the five components are summed up
to get the all-particle spectrum. Recently, the PAMELA
Collaboration has provided a new set of parameters for
the proton and helium components of the first and third
source class of the ZS model. These parameters are de-
rived through a fit to their data [13]. The agreement to
the data is significantly improved, thus in the following
we use these updated parameters and refer to the model
as (ZS/PAMELA).

The poly-gonato model [45, 49] describes the individ-
ual mass spectra up to the knee region fairly well, nev-
ertheless the relatively steep dependence above the knee
is not in agreement with the all-particle spectrum obser-
vations above about 1017 eV. Primary particles in this
energy range contribute to the production of leptons in
extensive air showers in the 100 TeV to PeV region. It is
still disputed whether at this energy extragalactic cosmic-
rays can be considered as valid source class, or if a second
Galactic component contributes to the primary spectrum
between the knee and the ankle. In Hillas [52] it is sug-
gested that the primary cosmic-ray spectrum is composed
of three populations. The first population is associated
to particles accelerated in Supernova Remnants with the
knee indicating the cuto↵. The second population (the

A. Fedynitch, J. B. Tjus and P. Desiati, 
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FIG. 1:
√
s-dependence of the total, inelastic, and elastic

pp cross sections, as calculated using the QGSJET-II-04
[6], EPOS-LHC [4], SIBYLL-2.3 [8], and QGSJET [10]
models (solid, dashed, dash-dotted, and dotted lines re-
spectively). Experimental data are from Refs. [12–14].

and the very initial conditions for the parton cascades.
Therefore, new experimental data corresponding to a
different energy or kinematic range are very valuable
for tuning the parameters of such phenomenological
models and, more importantly, for discriminating in-
valid theoretical solutions.
In what concerns cosmic ray interaction models, the

most important results of Run 1 of the LHC have been
precise measurements of the total and elastic proton-
proton cross sections by the TOTEM and ATLAS ex-
periments [12, 13]. Apart from reducing drastically
the differences between the respective model predic-
tions in the limit of ultra-high energies, as illustrated
in Fig. 1, those experimental results constrained a
number of key parameters of the models, which impact
many other model predictions, e.g. for secondary par-
ticle production. While measurements of secondary
particle production at the central rapidity region by
the ALICE, ATLAS, and CMS experiments at the
LHC have not revealed any serious deficiencies of CR
interaction models [11], the corresponding experimen-
tal results contributed to fine-tuning of model param-
eters. And the new model versions appeared to be in
a reasonably good agreement with experimental data
from LHC Run 2 on soft particle production [15–17].
Yet the models diverge considerably in their predic-

tions for EAS properties, as illustrated in Fig. 2 for
the particular case of Xmax. It is thus highly desirable
to reveal the reasons for those differences and to find
ways to further constrain model predictions or, even
better, to refute some model approaches. In partic-
ular, one may hope to gain insight into the problem,
based on measurements of forward hadron spectra by
the TOTEM and LHCf experiments at the LHC, since
the corresponding results proved to be a challenge for
most of the present Monte Carlo generators [18–20].
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FIG. 2: Primary energy dependence of the average shower
maximum depth for proton- and iron-initiated vertical
EAS, as calculated using the QGSJET-II-04, EPOS-LHC,
SIBYLL-2.3, and QGSJET models (solid, dashed, dash-
dotted, and dotted lines respectively).

III. IMPACT OF CONSTITUENT PARTON
FOCK STATES

Let us start with SIBYLL-2.3 which predicts the
largest values for Xmax and for the shower elonga-
tion rate between all the considered models, as one
can see in Fig. 2. This appears to be related to the
very basic model assumptions concerning the struc-
ture of constituent parton Fock states in hadrons, i.e.
for the above-mentioned initial conditions for parton
cascades, as discussed in more detail in Ref. [21]. Like
most of the hadronic event generators used in the col-
lider field, the SIBYLL model is based on the “mini-
jet” approach which corresponds implicitly to the pic-
ture shown schematically on the left-hand side (lhs)
of Fig. 3. At large Feynman x, one starts from the
same universal parton Fock state. Additional partons
(sea quarks or gluons) giving rise to new branches of
the parton cascade, which take part in the multiple
scattering processes, result from the evolution of the
parton density corresponding to this initial state and
their momentum fractions are distributed as ∝ 1/x
in the very high energy limit. Such a picture reflects
itself in the hadron production pattern predicted by
the model: Multiple scattering affects mostly central
particle production, while having a weak influence of
forward hadron spectra. Indeed, the latter are formed
by the hadronization of partons emerging from the
initial part of the underlying parton cascade, which
starts from the same initial conditions and covers a
short rapidity interval, being thus weakly dependent
on the further development of the cascade.

A direct consequence of the above-discussed ap-
proach is a weak energy dependence of the inelasticity
K inel, i.e. the relative energy loss of leading nucleons,
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FIG. 3: Schematic view of the initial part of the parton
cascade in the proton. Left: the cascade starts from the
same universal parton Fock state; new partons partici-
pating in multiple scattering processes emerge from the
cascade development, being characterized by ∝ 1/x dis-
tributions for the momentum fraction. Right: the proton
is represented by a superposition of Fock states consisting
of different numbers of large x constituent partons; the
more abundant multiple scattering the larger Fock states
involved in the process.

in proton-proton and proton-nucleus collisions. With
increasing energy, one obtains a significant enhance-
ment of secondary particle production in the central
rapidity region only, which has a weak impact on the
energy loss of leading nucleons. As one can see in
Fig. 4, the energy dependence of K inel

pp is indeed al-
most flat for SIBYLL-2.3. In turn, a slower energy-
rise of the inelasticity implies a larger EAS elongation
rate and a larger Xmax at sufficiently high energies
(see, e.g. Ref. [22]), as we observed indeed in Fig. 2.

In the alternative approach, implemented in the
EPOS and QGSJET(-II) models, a proton is repre-
sented by a superposition of a number of Fock states
containing different numbers of large x constituent
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FIG. 4: Energy dependence of the inelasticity of leading
nucleons in pp collisions, as calculated using the QGSJET-
II-04, EPOS-LHC, and SIBYLL-2.3 models (solid, dashed,
and dash-dotted lines respectively).
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FIG. 5: dnch
pp/dη for pp collisions at

√
s = 8 TeV, as calcu-

lated using the QGSJET-II-04, EPOS-LHC, and SIBYLL-
2.3 models (solid, dashed, and dash-dotted lines respec-
tively) for the nondiffractive event selection of TOTEM:
at least one charged hadron produced both at −6.5 < η <
−5.3 and at 5.3 < η < 6.5. The CMS and TOTEM data
are shown by filled squares and filled triangles respectively.

partons, as shown schematically on the right-hand side
(rhs) of Fig. 3. Further cascading of these partons
“dresses” them with low x parton clouds. As the over-
all parton multiplicity in the central rapidity region
is roughly proportional to the number of initial con-
stituent partons, stronger multiple scattering is typi-
cally associated with larger Fock states. Thus, there
is a strong long-range correlation between central and
forward particle production; higher multiplicity in the
central region reflects stronger multiple scattering. In
turn, this implies that bigger numbers of large x con-
stituent partons are involved in the process, which has
a strong impact on forward hadron spectra.
This naturally leads to a substantial energy-rise of

the inelasticity, which is clearly seen in Fig. 4 for
QGSJET-II-04 and EPOS-LHC. The reason for this
rise is twofold. First, for any given Fock state, in-
creasing multiple scattering implies that bigger num-
bers of large x constituent partons are involved in the
interaction, thus leaving smaller fractions of the initial
proton momentum for spectator partons which finally
form the leading nucleons. Additionally, Fock states
with bigger and bigger numbers of large x constituent
partons come into play. Momentum sharing between
these partons results in a smaller fraction of the initial
proton momentum, possessed by each parton, which
thus enhances the energy loss of the leading nucleons.
The minijet approach of the SIBYLL model is al-

ready disfavored by recent combined measurements by
the CMS and TOTEM experiments of the pseudora-
pidity η density dnch

pp/dη of produced charged hadrons
in pp collisions at

√
s = 8 TeV [18]. As one can see

in Fig. 5, dnch
pp/dη predicted by SIBYLL-2.3 steeply

falls down at large η, which reflects the quick decrease
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FIG. 4. Flux of conventional ⌫µ+ ⌫̄µ averaged over zenith and
azimuth angles, compared to experimental data from Icecube
in 40-string instrumentation [10] and Amanda II [11]. The
bottom pane shows the full energy range for muon and elec-
tron neutrinos, calculated using the cHGp model and com-
pared to calculations by [41], [39], [37] and our cascade equa-
tion approximation (CE).

suming di↵erent primary spectra and compositions for
the primary cosmic-ray flux with respect to a baseline
spectrum. To emphasize the di↵erences of this calcu-
lation in connection with previously published primary
cosmic-ray flux models, we have selected GH (2002) as
the baseline. The results are similar for qgsjet-01c.
The shape of these curves does not change when using
sibyll-2.1, but the features are shifted roughly a factor
⇠ 2 towards higher energies in the case of muon neutri-
nos and a factor of ⇠ 4 in case of muons, i.e. the ratio
�µ(M = cHGp)/�µ(M = GH) crosses unity at 800 TeV
instead of 200 TeV.

The poly-gonato model yields the lowest flux, falling
below all other models above 500 GeV. This model is
designed with the goal to describe the cosmic-ray flux
below the knee and at the knee. Above, the spectrum is
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to steep and does not agree with data (see Fig. 1). It is
therefore not suited to accurately describe e↵ect of the
knee on atmospheric leptons.

The Zatsepin-Sokolskaya (PAMELA parameters)
model agrees with several indirect measurements at
energies close to the knee and with direct PAMELA
measurements in the proton and helium component.
Using this model the lepton fluxes show a significant
kink at tens of TeV, originating from the transition
of the first (SN) to the second (SN into super-bubble)
source class. This transition leads to a variation of the
lepton fluxes in the order of 20 - 30%.

The two Hillas-Gaisser models (cHGp and cHGm) in-
corporate the hardest spectrum, and thus lead to the
highest fluxes at lepton energies above several TeV. The
hypothetic second Galactic component plays an impor-
tant role at the knee, being the source of atmospheric lep-

A. Fedynitch, J. B. Tjus and P. Desiati, 
Phys. Rev. D86:114024, 2012
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Figure 13. Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering
according to HERAPDF1.5.

6 Conclusions

We find that the predictions of high energy neutrino DIS cross-sections from the central

values of HERAPDF1.5, CT10 and MSTW2008 PDFs are very similar. However the

predictions for the uncertainties (deriving from the uncertainties on the input PDFs) differ

quite strongly. In fact PDF uncertainties derive from the input assumptions as well as

from the input experimental data. If we exclude error sets which either lead to too steep

a rise in the cross-section, or allow the low x gluon to be negative at low Q2, then we find

that the uncertainty estimates of HERAPDF1.5 and CT10 — both of which use the most

up-to-date, accurate HERA data — are remarkably consistent.

Our results for the high energy neutrino and antineutrino CC and NC DIS cross-

sections and their uncertainties using HERAPDF1.5 at NLO are shown in figure 13. The

general trend of the uncertainties can be understood by noting that as one moves to higher

neutrino energy one also moves to lower x where the PDF uncertainties are increasing. The

PDF uncertainties are smallest at 10−2 ! x ! 10−1, corresponding to s ∼ 105 GeV2. Mov-

ing to smaller neutrino energies brings us into the high x region where PDF uncertainties

increase again. This effect is greater for the HERAPDF1.5 because the HERA data have

less statistics at high x than the fixed target data which are included in CT10; however

these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy

target corrections, deuterium corrections and assumptions regarding higher twist effects.

When the high x region becomes important the neutrino and antineutrino cross-sections

are different because the valence contribution to xF3 is now significant. This is seen in

figure 13, as is the onset of the linear dependence of the cross-sections for s < M2
W . Note

that our predictions are made for Q2 > 1GeV2 since perturbative QCD cannot sensibly be

used at lower values. Moreover for s below ∼ 100 GeV2, there can be contributions to the

cross-section of O(10%) from even lower values of Q2 which are not accounted for here;

hence we do not show results for Eν below 50 GeV where there are other contributions to

the neutrino cross-section and the use of a code such as GENIE [64] is appropriate. For

higher energies, we intend to upgrade ANIS [62] to use the HERAPDF1.5 (differential)

cross-sections. Meanwhile we have provided the total DIS cross-sections for CC and NC

scattering of neutrinos and antineutrinos on isoscalar targets in tables 1 and 2 and recom-

– 14 –

~(2-3)% ~(4-10)%
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Figure 13. Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering
according to HERAPDF1.5.

6 Conclusions

We find that the predictions of high energy neutrino DIS cross-sections from the central

values of HERAPDF1.5, CT10 and MSTW2008 PDFs are very similar. However the

predictions for the uncertainties (deriving from the uncertainties on the input PDFs) differ

quite strongly. In fact PDF uncertainties derive from the input assumptions as well as

from the input experimental data. If we exclude error sets which either lead to too steep

a rise in the cross-section, or allow the low x gluon to be negative at low Q2, then we find

that the uncertainty estimates of HERAPDF1.5 and CT10 — both of which use the most

up-to-date, accurate HERA data — are remarkably consistent.

Our results for the high energy neutrino and antineutrino CC and NC DIS cross-

sections and their uncertainties using HERAPDF1.5 at NLO are shown in figure 13. The

general trend of the uncertainties can be understood by noting that as one moves to higher

neutrino energy one also moves to lower x where the PDF uncertainties are increasing. The

PDF uncertainties are smallest at 10−2 ! x ! 10−1, corresponding to s ∼ 105 GeV2. Mov-

ing to smaller neutrino energies brings us into the high x region where PDF uncertainties

increase again. This effect is greater for the HERAPDF1.5 because the HERA data have

less statistics at high x than the fixed target data which are included in CT10; however

these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy

target corrections, deuterium corrections and assumptions regarding higher twist effects.

When the high x region becomes important the neutrino and antineutrino cross-sections

are different because the valence contribution to xF3 is now significant. This is seen in

figure 13, as is the onset of the linear dependence of the cross-sections for s < M2
W . Note

that our predictions are made for Q2 > 1GeV2 since perturbative QCD cannot sensibly be

used at lower values. Moreover for s below ∼ 100 GeV2, there can be contributions to the

cross-section of O(10%) from even lower values of Q2 which are not accounted for here;

hence we do not show results for Eν below 50 GeV where there are other contributions to

the neutrino cross-section and the use of a code such as GENIE [64] is appropriate. For

higher energies, we intend to upgrade ANIS [62] to use the HERAPDF1.5 (differential)

cross-sections. Meanwhile we have provided the total DIS cross-sections for CC and NC

scattering of neutrinos and antineutrinos on isoscalar targets in tables 1 and 2 and recom-
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Earth model 

Figure 1 | Zenith angular distribution of the atmospheric muon
neutrino events in the IC86 sample. a, Schematic representation
of the Earth subdivided in the five concentric layers used in this
work. Some representative neutrino trajectories and their associated
zenith angles, ✓z , with respect to the IceCube detector are also in-
dicated. b, Number of atmospheric up-going muon neutrino events
collected in the first year of IceCube data-taking as a function of the

cosine of the zenith angle ✓recz for different reconstructed muon en-
ergy thresholds. The uppermost curve shows the zenith distribution
for the entire IC86 sample (that is, 20145 muons in the energy range
400 GeV . Erec

µ . 20 TeV) and the lowermost curve corresponds
to the highest threshold in this plot, Erec

µ > 2.5 TeV. Up-going neu-
trinos correspond to cos ✓recz = �1. For all the data points the error
bars represent one standard statistical deviation.

of 343.7 days 8 (a preliminary attempt using IceCube data with very98

limited event statistics was presented in 2012 20). These muons are99

produced by up-going neutrinos and antineutrinos which, after cross-100

ing the Earth, interact via charged-current processes in the bedrock or101

ice surrounding the detector. While propagating inside the detector at a102

speed higher than the speed of light in ice, these muons emit Cherenkov103

light, which is detected by the digital optical modules of the IceCube104

array. Details about the data sample and the modeling of the predicted105

event rate are provided in Methods.106

The energy and zenith distributions of the IC86 sample are shown107

in Fig. 1b. Since the atmospheric neutrino spectrum is a steeply falling108

function of the energy and, for the lowest energies, the neutrino absorp-109

tion length is much larger than the Earth’s diameter, most of the neu-110

trinos in the sample do not undergo significant absorption. Therefore,111

the distribution of the full sample is very similar to the atmospheric112

neutrino distribution at the Earth’s surface, which is more peaked to-113

wards the horizon 1. For higher energies, however, the observed event114

spectrum corresponding to up-going neutrinos with the longest trajec-115

tories through the Earth (cos ✓recz ⇠ �1) is suppressed with respect116

to the zenith-symmetric flux corresponding to down-going neutrinos117

that only propagate a few tens of kilometers without crossing the Earth118

(cos ✓recz ⇠ 1). The effect is more pronounced for neutrinos with119

higher energies and for those with longer propagation paths in the120

Earth, as they have a larger probability of interaction. Hence, by study-121

ing the zenith and energy distributions of the atmospheric neutrino flux122

and by comparing them with the flux without attenuation, information123

on the Earth’s density profile can be extracted. All events are useful,124

though: the events with the lowest energies or more horizontal trajec-125

tories serve us to fix the overall normalization and zenith distribution126

of the unattenuated atmospheric neutrino flux.127

To illustrate how to remove the intrinsic zenith dependence on the 128

atmospheric neutrino flux when comparing with the observed data, we 129

depict the ratio of the observed number of events to the expected one 130

in the case of no absorption, N
data

/N
no att

, as a function of the zenith 131

angle. If all energies in the IC86 sample are considered (Fig. 2a), statis- 132

tics is dominated by the low-energy events and the maximum observed 133

suppression is at the 10% level or below. For events with energies 134

above 5 TeV (Fig. 2b), however, the suppression in some of the most 135

vertical angular bins (cos ✓recz < �0.6) is up to 50%. For all energies, 136

the suppression is larger for more vertical trajectories, which imply a 137

longer propagation path. As an indication, we also show the expecta- 138

tions for the central value and the 1� statistical error of this ratio using 139

the one-dimensional Preliminary Reference Earth Model (PREM) 21. 140

We have parametrized the Earth’s density with a one-dimensional 141

five-layer profile with constant density in each of the layers (Fig. 1a). 142

One of the edges is chosen at the core-mantle boundary and another 143

one at the inner core-outer core boundary, so that we select three layers 144

in the core (one for the inner core and two for the outer core) and two 145

layers in the mantle. We have checked that, with this number of layers, 146

current data are not yet sensitive to the particular profile within a given 147

layer (see Supplementary Figs. 3 and 4 and Supplementary Tab. 1) 148

and, therefore, there is no expected gain when using more layers or 149

a more realistic density profile. We fit the average density of each of 150

the layers, which is allowed to vary freely, and obtain our main result, 151

the first one-dimensional Earth’s density profile measured by means of 152

weak interactions (Fig. 3). With one-year statistics the uncertainties 153

are large but, yet, compatible with results from geophysical methods 154

within 68% credible interval. Notice that these results are obtained 155

from one-dimensional marginalized posterior probability distributions 156

and correlations among all the parameters in the fit (five densities and 157

2

5 spherical layers: 
1  for the inner core 
2  for the outer core 
2  for the mantle

https://github.com/arguelles/nuSQuIDS
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mostly for safety against contamination unforeseen
due to the limited simulation statistics used in de-
veloping the selection.

Suppl. Tab. I shows the overall results of the data se-
lection process. Background from cosmic ray air showers
is reduced by a factor of approximately 5.8⇥107 so that it
makes up only about 0.1% of the final data, while 23.8%
of the neutrinos from a hypothetical E�2 flux which trig-
ger the detector are expected to be retained.

ENERGY ESTIMATION

The main power in this analysis to distinguish the sig-
nature of astrophysical neutrinos from the background of
atmospheric neutrinos is in the di↵erent energy spectra
of these fluxes. However, the neutrino energies cannot
be measured directly, so in this work the energies of the
muons produced by the neutrinos are reconstructed, us-
ing the fact that the average energy loss rate of high
energy muons is proportional to the muon energy. Fur-
thermore, since the muon tracks are not required to be-
gin within the instrumented volume of the detector, the
energy of the muon on arrival to the detector may be ar-
bitrarily much smaller than its initial energy. These facts
considerably limit the amount of information which can
be extracted about the energies of the neutrinos them-
selves.

In addition, the extracted energy information is also
limited by the practical capabilities of the muon energy
reconstruction. The energy reconstruction is selected so
that the computed proxy has the highest possible res-
olution (among currently available methods), but it is
not necessarily unbiased and it does not have a one-to-
one relationship to true muon energies. While an ideal
reconstruction would have a one-to-one mapping to the
true physical parameter, fluctuations such as the num-
ber and size of stochastic energy losses, and variations
of the position of the muon track within the detector
make this impossible to realize. Bias of the estimator
can be avoided, or at least largely removed by calibra-
tion, but this serves no purpose in the context of the
forward-folding maximum likelihood fit, since as long as
the proxy is related on average to the true parameter by a
monotonic function, the particular choice of this function
simply alters the experimental data distribution and the
simulated template distributions in the same way, and so
cancels out of the likelihood. In addition, it is not pos-
sible to carry out a calibration procedure fully correctly
a priori, since the relationship between the true param-
eters and the reconstructed proxy depends on the true
neutrino energy spectrum.

While calibration of the energy proxy is not relevant
for the maximum likelihood fit, the relationship of the
energy proxy to the relevant physical energies is of gen-
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(a) Distribution of energy proxy values arising from

di↵erent true muon energies.
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(b) Distribution of energy proxy values arising from

di↵erent true neutrino energies.

SUPPL. FIG. 4. Each column in the figure has been indepen-
dently normalized to form a PDF of possible true parameter
values. The best fit result with an E�2.2 astrophysical flux
has been assumed. Fluctuations and missing data at the edges
of the distributions are due to limited simulation statistics.

eral interest, and can be explored using the results of
the fit. Suppl. Fig. 4 shows the results of weighting
a set of simulated neutrino events to the best-fit spec-
trum produced by the fit and plotting the distributions
of the muon energy proxy against the true muon energy
at the point of closest approach to the detector center
and the true primary neutrino energy. Each bin in the
energy proxy has been independently normalized, elimi-
nating the influence of the neutrino energy spectrum on
the distribution of the proxy, making clear the proba-
bility of a proxy value arising from each possible true
parameter value. The feature which appears at low en-
ergy proxy values (and low true particle energy values)
is characteristic of the transition to the low muon energy
region, where energy loss is dominated by ionization and
varies less strongly with energy, from the high muon en-
ergy region in which stochastic losses dominate and the
energy loss rate varies more rapidly with energy. For
energy proxy values larger than ⇠ 104 the most proba-
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mostly for safety against contamination unforeseen
due to the limited simulation statistics used in de-
veloping the selection.

Suppl. Tab. I shows the overall results of the data se-
lection process. Background from cosmic ray air showers
is reduced by a factor of approximately 5.8⇥107 so that it
makes up only about 0.1% of the final data, while 23.8%
of the neutrinos from a hypothetical E�2 flux which trig-
ger the detector are expected to be retained.

ENERGY ESTIMATION

The main power in this analysis to distinguish the sig-
nature of astrophysical neutrinos from the background of
atmospheric neutrinos is in the di↵erent energy spectra
of these fluxes. However, the neutrino energies cannot
be measured directly, so in this work the energies of the
muons produced by the neutrinos are reconstructed, us-
ing the fact that the average energy loss rate of high
energy muons is proportional to the muon energy. Fur-
thermore, since the muon tracks are not required to be-
gin within the instrumented volume of the detector, the
energy of the muon on arrival to the detector may be ar-
bitrarily much smaller than its initial energy. These facts
considerably limit the amount of information which can
be extracted about the energies of the neutrinos them-
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In addition, the extracted energy information is also
limited by the practical capabilities of the muon energy
reconstruction. The energy reconstruction is selected so
that the computed proxy has the highest possible res-
olution (among currently available methods), but it is
not necessarily unbiased and it does not have a one-to-
one relationship to true muon energies. While an ideal
reconstruction would have a one-to-one mapping to the
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of the position of the muon track within the detector
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can be avoided, or at least largely removed by calibra-
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cancels out of the likelihood. In addition, it is not pos-
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a priori, since the relationship between the true param-
eters and the reconstructed proxy depends on the true
neutrino energy spectrum.

While calibration of the energy proxy is not relevant
for the maximum likelihood fit, the relationship of the
energy proxy to the relevant physical energies is of gen-
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a set of simulated neutrino events to the best-fit spec-
trum produced by the fit and plotting the distributions
of the muon energy proxy against the true muon energy
at the point of closest approach to the detector center
and the true primary neutrino energy. Each bin in the
energy proxy has been independently normalized, elimi-
nating the influence of the neutrino energy spectrum on
the distribution of the proxy, making clear the proba-
bility of a proxy value arising from each possible true
parameter value. The feature which appears at low en-
ergy proxy values (and low true particle energy values)
is characteristic of the transition to the low muon energy
region, where energy loss is dominated by ionization and
varies less strongly with energy, from the high muon en-
ergy region in which stochastic losses dominate and the
energy loss rate varies more rapidly with energy. For
energy proxy values larger than ⇠ 104 the most proba-
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Is the Earth there?

Figure 2 | Ratio of the number of observed events in the IC86
sample to the number of expected events without including Earth
attenuation. a, Zenith distribution of the ratio, including all events
in the IC86 sample. b, Zenith distribution of the ratio, but only con-
sidering events with a minimum reconstructed muon energy of 5 TeV.

In both panels, the solid blue line represents the expectation using
the PREM 21 for the density profile, with its statistical expected error
(one standard deviation) represented by the blue band. For all the data
points the error bars also represent one standard statistical deviation.

Figure 3 | Fit of the density profile of the Earth with IC86 data.
We assume the Earth is divided into five concentric layers of constant
density. The red curve represents the PREM density profile. Error bars
represent 68% credible intervals (highest one-dimensional marginal-
ized posterior density intervals) and the points with the highest one-
dimensional marginalized posterior density are indicated by dots.
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weighted by neutrinos and obtain M⌫
� =

�
6.0+1.6

�1.3

�
⇥1024 kg (Fig. 4a),163

to be compared to the most precise gravitational measurement up to164

date, Mgrav

� = (5.9722± 0.0006) ⇥ 1024 kg 22, 23. Clearly, albeit165

within large uncertainties, both results are in very good agreement.166

We can also estimate the mass of the Earth’s core, a parameter that 167

may be useful (as soon as statistical errors will decrease) as an input 168
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ments, implies a central value with a larger departure from homogene- 180

ity, as shown in Fig. 4c (even though they are fully compatible between 181
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Another piece of information regarding the Earth’s interior that we 183

can extract from the currently available data is to detect that the core 184

is denser than the mantle. Notice that, implicitly, this is a strong as- 185

sessment in favor of a non-homogeneous Earth (something that was 186

expected to be possible to proof at 3� after ten years of IceCube 187

data 3 and seems to be already established at more than 2� just us- 188

ing IC86 alone). We determine the difference between the average 189

density within the two layers we divide the mantle into, ⇢̄
mantle
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core

. The result for this difference, measured by weak interactions, 192
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) = 13.1+5.8
�6.3 g/cm3 (Fig. 4d). From this result, a 193

denser Earth’s mantle has a p�value of 0.011 for our default model of 194

the atmospheric neutrino flux. 195

As a test of consistency and as a matter of accounting for further 196

systematic uncertainties, all observables have also been computed for 197

other atmospheric neutrino fluxes, as well as using different modeling 198
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sample to the number of expected events without including Earth
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in the IC86 sample. b, Zenith distribution of the ratio, but only con-
sidering events with a minimum reconstructed muon energy of 5 TeV.

In both panels, the solid blue line represents the expectation using
the PREM 21 for the density profile, with its statistical expected error
(one standard deviation) represented by the blue band. For all the data
points the error bars also represent one standard statistical deviation.

Figure 3 | Fit of the density profile of the Earth with IC86 data.
We assume the Earth is divided into five concentric layers of constant
density. The red curve represents the PREM density profile. Error bars
represent 68% credible intervals (highest one-dimensional marginal-
ized posterior density intervals) and the points with the highest one-
dimensional marginalized posterior density are indicated by dots.
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Figure 2 | Ratio of the number of observed events in the IC86
sample to the number of expected events without including Earth
attenuation. a, Zenith distribution of the ratio, including all events
in the IC86 sample. b, Zenith distribution of the ratio, but only con-
sidering events with a minimum reconstructed muon energy of 5 TeV.

In both panels, the solid blue line represents the expectation using
the PREM 21 for the density profile, with its statistical expected error
(one standard deviation) represented by the blue band. For all the data
points the error bars also represent one standard statistical deviation.

Figure 3 | Fit of the density profile of the Earth with IC86 data.
We assume the Earth is divided into five concentric layers of constant
density. The red curve represents the PREM density profile. Error bars
represent 68% credible intervals (highest one-dimensional marginal-
ized posterior density intervals) and the points with the highest one-
dimensional marginalized posterior density are indicated by dots.
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Main result: 1-D density profile
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Cosmic-ray interactions with the atmosphere produce a flux 
of neutrinos in all directions with energies extending above 
the TeV scale1. The Earth is not a fully transparent medium 
for neutrinos with energies above a few TeV, as the neutrino–
nucleon cross-section is large enough to make the absorp-
tion probability non-negligible2. Since absorption depends 
on energy and distance travelled, studying the distribution 
of the TeV atmospheric neutrinos passing through the Earth 
offers an opportunity to infer its density profile3–7. This has 
never been done, however, due to the lack of relevant data. 
Here we perform a neutrino-based tomography of the Earth 
using actual data—one-year of through-going muon atmo-
spheric neutrino data collected by the IceCube telescope8. 
Using only weak interactions, in a way that is completely inde-
pendent of gravitational measurements, we are able to deter-
mine the mass of the Earth and its core, its moment of inertia, 
and to establish that the core is denser than the mantle. Our 
results demonstrate the feasibility of this approach to study 
the Earth’s internal structure, which is complementary to 
traditional geophysics methods. Neutrino tomography could 
become more competitive as soon as more statistics is avail-
able, provided that the sources of systematic uncertainties 
are fully under control.

A reliable estimate of 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 geomag-
netic dynamo or the bulk composition of the Earth9. Most of our 
knowledge about the internal structure of the Earth and the physi-
cal properties of its different layers comes from geophysics and, in 
particular, from seismological data. Moreover, information from 
geodesy, geomagnetic and geodynamical data, solid state theory and 
high-temperature/pressure experimental results is also used.

The determination of the density distribution of the Earth from 
the bulk sound velocity of seismic waves in combination with 
normal modes is a well-established method with statistical uncer-
tainties in the lower mantle and the outer core at the percent level 
and below for 250–300 km resolving intervals, with larger errors 
as radial resolution increases10,11. The reconstruction of a three-
dimensional profile is, however, a very demanding nonlinear 
inversion problem of different seismic data10–12. Moreover, as wave 
velocities also depend on composition, temperature, pressure and 
elastic properties, this necessarily introduces uncertainties in the 
density estimate. Most studies of Earth’s radial structure are based 
on empirical relations between seismic wave velocities and density, 
such as Birch’s law, which may fail at the higher densities of Earth’s 
core, and the Adams–Williamson equation13. A good understand-
ing of the Earth’s interior, aiming at simultaneously determining 
the density variations and the origin of such waves in terms of tem-
perature and composition variations, cannot be done from seismic 
velocity variations alone, and another, independent piece of infor-
mation is needed. Therefore, a precise modelling of the different 

layer compositions which are crossed by seismic waves is required. 
Even though several million earthquakes occur in the Earth every 
year, only of the order of hundred of them have magnitudes larger 
than 6 (ref. 14). Most of them do not occur on the surface, and the 
origin of the wave must be inferred by comparing time delays from 
different seismographs. Finally, only a small fraction of the reg-
istered seismic waves cross the Earth’s core. For all these reasons, 
using other complementary and independent methods to infer the 
density profile of the Earth is important.

Neutrinos can be used to study the Earth’s interior in several 
ways. First, experiments such as KamLAND and Borexino are cur-
rently measuring the so-called geo-neutrino flux (that is, neutrinos 
produced by the decay of radioactive elements in the Earth’s inte-
rior15,16), which provides information that can be used to under-
stand its composition. On the other hand, a good knowledge of 
neutrino propagation through the Earth may give relevant informa-
tion about the Earth’s density profile. Neutrino propagation does, 
indeed, 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 
for neutrinos with energies in the multi-TeV range, the neutrino 
flux observed at the detector depends on the number of nucleons 
along its path, as neutrinos can undergo inelastic scattering and  
become absorbed17. Indeed, the idea of performing absorption radi-
ographies of the Earth with neutrinos dates back to more than four 
decades ago. To our knowledge, the first mention of this possibility 
was advanced in an unpublished CERN preprint in October 1973 
by Placci and Zavattini18 and by Volkova and Zatsepin in a talk in  
197419, considering man-made neutrinos. The idea of combin-
ing Earth’s neutrino radiographies (that is, performing a neutrino 
tomography) is based on studying the attenuation of neutrinos cross-
ing the Earth from different angles with respect to the position of the 
detector. The column depth traversed by a neutrino that has passed 
through the entire Earth’s diameter is 11 kton cm−2 (1.1 ×  1010 cm  
water equivalent). For neutrinos with an energy of ~40 TeV, the 
absorption length in the Earth becomes comparable to its diam-
eter, σ ~−

⊕n R( ) 21 , where n is the average nucleon number density, 
σ the neutrino–nucleon total cross-section and R⊕ =  6,371 km the 
mean radius of the Earth. Therefore, for few-TeV neutrinos there 
is a non-negligible probability for the incoming neutrino flux to be 
suppressed, e−nσL <  1, where θ= ⊕L R2 cos z is the path length in the 
Earth as a function of the zenith angle θz (Fig. 1a).

Atmospheric neutrinos offer a large range of baselines (from a 
few to thousands of kilometres) and energies (from MeV to tens of 
TeV), with an energy spectrum that falls as ~E−3.7. Therefore, they 
represent a suitable source for neutrino tomography. Although neu-
trino interactions are rare, with the operation of kilometre-cube 
detectors such as IceCube, a large event sample can be harvested. In 
this work we use the publicly available IceCube one-year up-going 
muon sample, collected during 2011–2012 and referred to as IC86 
(IceCube 86-string configuration), which contains 20,145 muons 
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Mgrav = 5.9724(3)×1024  kg

Earth’s mass

Mν = 6.0-1.3
+1.6( )×1024  kg

First measurement of the Earth’s 
mass using the weak force!

Gravitational measurement

Figure 4 | Earth measurements from neutrino tomography. a,
Posterior probability for the Earth’s mass (black solid curve) com-
pared with its gravitational measurement, Mgrav

� (red dashed line).
b, Posterior probability for the mass of the Earth’s core (black solid
curve) compared with the PREM estimate, MPREM

core

(red dashed line).
c, Posterior probability for the Earth’s mean moment of inertia (black
solid curve) compared with its gravitational measurement, Igrav� (red

dashed line). The value for the moment of inertia corresponding to a
homogeneous Earth (0.4Mgrav

� R2

�), assuming the gravitational mass
determination, is also shown (thin pink solid line). d, Posterior prob-
ability for the difference ⇢̄⌫

core

� ⇢̄⌫
mantle

between the average core
density, ⇢̄⌫

core

, and the average mantle density, ⇢̄⌫
mantle

. We also in-
dicate the point where ⇢̄⌫

core

= ⇢̄⌫
mantle

(thin pink solid line) and the
p�value for a denser mantle (blue region).

through the Earth is sensitive to the number density of nucleons and,203

therefore, this test represents an effective counting of nucleons in the204

Earth. Unlike gravitational methods, the estimation of the Earth’s mass205

with neutrinos relies purely on weak interactions and on the nucleon206

masses. Conceptually, this is a completely different method from grav-207

itational ones. We have shown that, using the publicly available data208

from the IceCube neutrino telescope, this method starts being feasible.209

Future data will significantly improve the measurements presented here210

(we remind the reader that more data already collected by IceCube in211

the same energy range are not yet publicly available in the format re-212

quired to perform this analysis, but hopefully will be released soon),213

including data from the future KM3NeT detector in the Mediterranean214

sea 25. For this reason, we have also estimated the projected sensitivity215

with future IceCube data (Supplementary Figs. 5 and 6).216

As a final comment, it is important to stress that a non-gravitational217

measurement of the Earth mass, as it is the one presented here, could218

also probe that all the matter that contributes to the Earth gravitational219

field is baryonic matter (protons, neutrons and electrons). With current220

neutrino data, however, a small fraction in the form of (non weakly- 221

interacting) dark matter, which would not attenuate the passage of neu- 222

trinos, cannot be yet fully excluded. 223
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Figure 4 | Earth measurements from neutrino tomography. a,
Posterior probability for the Earth’s mass (black solid curve) com-
pared with its gravitational measurement, Mgrav

� (red dashed line).
b, Posterior probability for the mass of the Earth’s core (black solid
curve) compared with the PREM estimate, MPREM

core

(red dashed line).
c, Posterior probability for the Earth’s mean moment of inertia (black
solid curve) compared with its gravitational measurement, Igrav� (red

dashed line). The value for the moment of inertia corresponding to a
homogeneous Earth (0.4Mgrav

� R2

�), assuming the gravitational mass
determination, is also shown (thin pink solid line). d, Posterior prob-
ability for the difference ⇢̄⌫
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between the average core
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What about the future?  
… Actually present

Supplementary Figure 6 | Ten-year forecast versus current results: density profile. Fitted one-dimensional Earth’s density profile with error
bars representing 68% credible intervals (defined as the highest one-dimensional marginalized posterior density intervals, see Methods) and with
the points with the highest one-dimensional marginalized posterior density indicated by dots. The blue bands and points represent the results
obtained using current one-year (IC86) data and assuming the Earth is divided into five concentric layers of constant density (same as Fig. 3 in
the main text). The red bands and points represent the expected results after ten years of observation. We have simulated the future data assuming
the PREM density profile and fitted it with a model with five layers following the PREM profile in each layer (but with free normalization), so
that the values indicated in the plots correspond to the central value in each of the layers. For the atmospheric neutrino fluxes, we consider the
combination of the Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a correction (HG-GH-H3a) and the QGSJET-II-04
hadronic-interaction model. The purple curve represents the PREM density profile. Note that these results are obtained from one-dimensional
marginalized posterior probability distributions and, therefore, correlations among all the parameters in the fit (five densities and four nuisance
parameters) cannot be represented here. They give, therefore, a conservative representation of the allowed ranges for the density of individual
layers.
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bars representing 68% credible intervals (defined as the highest one-dimensional marginalized posterior density intervals, see Methods) and with
the points with the highest one-dimensional marginalized posterior density indicated by dots. The blue bands and points represent the results
obtained using current one-year (IC86) data and assuming the Earth is divided into five concentric layers of constant density (same as Fig. 3 in
the main text). The red bands and points represent the expected results after ten years of observation. We have simulated the future data assuming
the PREM density profile and fitted it with a model with five layers following the PREM profile in each layer (but with free normalization), so
that the values indicated in the plots correspond to the central value in each of the layers. For the atmospheric neutrino fluxes, we consider the
combination of the Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a correction (HG-GH-H3a) and the QGSJET-II-04
hadronic-interaction model. The purple curve represents the PREM density profile. Note that these results are obtained from one-dimensional
marginalized posterior probability distributions and, therefore, correlations among all the parameters in the fit (five densities and four nuisance
parameters) cannot be represented here. They give, therefore, a conservative representation of the allowed ranges for the density of individual
layers.
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Forecast for 10 years of data … but at least already 8 years of actual data!
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Highlight talk at

Conclusions
After 44 years of being proposed, we have performed the 

first Earth (absorption) tomography with neutrinos

First measurement of the Earth’s mass and 
moment of inertia using only the weak force!

Analysis with 1 year of data 
8 years of data already collected by IceCube 

… and other future experiments: KM3NeT, Baikal-GVD 

Although still not precise, it might become a 
technique complementary to seismic wave studies
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Edmund Halley,  
Philosophical Transactions of the Royal Society of London XVII:195, 563 (1692): 

  

“what curiosity in the structure, what accuracy in 
the mixture and composition of the parts, ought not 

we to expect in the fabrick of this globe”

Thanks!
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Impact of discrete systematics

HG-GH-H3a + QGSJET-II-4

HG-GH-H3a + SIBYLL2.3

ZS + QGSJET-II-4

ZS + SIBYLL2.3

Supplementary Figure 1 | Systematic uncertainties among different atmospheric neutrino fluxes. Posterior probability distributions (nor-
malized such that the maximum is 1) of the measured quantities for the Earth using neutrino tomography for four different atmospheric neutrino
fluxes, resulting from the combinations of two primary cosmic-ray fluxes: the combined Honda-Gaisser primary cosmic-ray spectrum with the
Gaisser-Hillas H3a correction (HG-GH-H3a) and the Zatsepin-Sokolskaya (ZS) spectrum, and two hadronic-interaction models, QGSJET-II-4
and SIBYILL2.3. All measurements are dominated by statistical uncertainties, being the systematics introduced by differences among atmo-
spheric neutrino fluxes a subdominant effect. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia. d, Difference of the average
density between the Earth’s core and mantle. The p�value for a mantle denser than the core corresponds to the area in the region where
⇢̄⌫
core

 ⇢̄⌫
mantle

. Our default model, HG-GH-H3a + QGSJET-II-4, has the larger p�value.
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Supplementary Figure 1 | Systematic uncertainties among different atmospheric neutrino fluxes. Posterior probability distributions (nor-
malized such that the maximum is 1) of the measured quantities for the Earth using neutrino tomography for four different atmospheric neutrino
fluxes, resulting from the combinations of two primary cosmic-ray fluxes: the combined Honda-Gaisser primary cosmic-ray spectrum with the
Gaisser-Hillas H3a correction (HG-GH-H3a) and the Zatsepin-Sokolskaya (ZS) spectrum, and two hadronic-interaction models, QGSJET-II-4
and SIBYILL2.3. All measurements are dominated by statistical uncertainties, being the systematics introduced by differences among atmo-
spheric neutrino fluxes a subdominant effect. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia. d, Difference of the average
density between the Earth’s core and mantle. The p�value for a mantle denser than the core corresponds to the area in the region where
⇢̄⌫
core

 ⇢̄⌫
mantle

. Our default model, HG-GH-H3a + QGSJET-II-4, has the larger p�value.
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systematics 
(mainly driven by the 
hadronic-interaction 

modeling) 
~(20-30)%
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Supplementary Figure 2 | Posterior 68% probability contours for the densities of the Earth’s layers. We model the Earth with a piecewise
flat profile, where each of the layers is described with constant density: ⇢

1

corresponds to the inner core, ⇢
2

and ⇢
3

to the equal-thickness layers
of the outer core, ⇢

4

and ⇢
5

to the equal-thickness layers of the mantle. We show the results for the four different combinations of primary
cosmic-ray spectrum and hadronic-interaction model indicated in Methods and in Supplementary Fig. 1. With current data, the results are
dominated by statistical uncertainties. On the rightmost panels, we depict the one-dimensional marginalized posterior probability distribution of
the density of the layer corresponding to each column, normalized such that the maximum is 1.
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FLAT - HG-GH-H3a + QGSJET-II-4

PREM - HG-GH-H3a + QGSJET-II-4

Supplementary Figure 3 | Systematic uncertainties between Earth density profiles. Posterior probability distributions (normalized such that
the maximum is 1) of the measured quantities for the Earth using neutrino tomography for two different Earth’s density profiles: a piecewise
profile with five layers of constant density (as in Supplementary Fig. 1) and a five-layer model following the PREM profile. In all cases we
use our default atmospheric neutrino fluxes: the combination of the Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a
correction (HG-GH-H3a) and the QGSJET-II-04 hadronic-interaction model. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia.
d, Difference of the average density between the Earth’s core and mantle.
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Supplementary Figure 3 | Systematic uncertainties between Earth density profiles. Posterior probability distributions (normalized such that
the maximum is 1) of the measured quantities for the Earth using neutrino tomography for two different Earth’s density profiles: a piecewise
profile with five layers of constant density (as in Supplementary Fig. 1) and a five-layer model following the PREM profile. In all cases we
use our default atmospheric neutrino fluxes: the combination of the Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a
correction (HG-GH-H3a) and the QGSJET-II-04 hadronic-interaction model. a, Earth’s mass. b, Earth’s core mass. c, Earth’s moment of inertia.
d, Difference of the average density between the Earth’s core and mantle.
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Supplementary Figure 4 | Posterior 68% probability contours for the densities of the five layers. We show the results for the densities of
the layers corresponding to two different density profiles: a piecewise profile with five layers of constant density (as in Supplementary Fig. 2)
and a five-layer model following the PREM profile. For the latter (non-constant density within the layers), the densities shown correspond to the
value at the center of each layer. For the atmospheric neutrino fluxes, we consider the combination of the Honda-Gaisser primary cosmic-ray
spectrum with the Gaisser-Hillas H3a correction (HG-GH-H3a) and the QGSJET-II-04 hadronic-interaction model. With current data, the results
are dominated by statistical uncertainties. On the rightmost panels, we depict the one-dimensional marginalized posterior probability distribution
of the parameter corresponding to each column, normalized such that the maximum is 1.
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Piecewise flat Earth’s profile PREM Earth’s profile

HG-GH-H3a + QGSJET-II-04 HG-GH-H3a + SIBYLL2.3 ZS + QGSJET-II-04 ZS + SIBYLL2.3 HG-GH-H3a + QGSJET-II-04

M⌫
� [1024 kg] 6.0+1.6

�1.3 5.5+1.5
�1.3 6.2+1.4

�1.2 5.5+1.3
�1.2 5.3+1.5

�1.3

M⌫
core

[1024 kg] 2.72+0.97
�0.89 2.79+0.98

�0.85 3.27+0.92
�0.89 2.84+0.89

�0.88 2.62+0.97
�0.84

I⌫
� [1037 kg cm2] 6.9 ± 2.4 5.4+2.3

�1.9 6.7+2.3
�2.0 5.5+2.2

�1.9 5.3+2.3
�1.7

⇢̄⌫
core

� ⇢̄⌫
mantle

[g/cm3] 13.1+5.8
�6.3 14.0+6.0

�5.9 15.9+6.0
�5.9 13.5+6.1

�5.5 12.3+6.3
�5.4

p � value

1.1 ⇥ 10�2 2.4 ⇥ 10�3 9.4 ⇥ 10�4 4.6 ⇥ 10�3 3.8 ⇥ 10�3

mantle denser than core

Supplementary Table 1 | Results from neutrino tomography using one year of data (IC86 sample). Here we indicate the maximum of the
posterior probability and the 68% credible interval (defined as the highest one-dimensional marginalized posterior density interval, see Methods)
for each derived quantity: the Earth’s mass, the Earth’s core mass, the Earth’s moment of inertia, and the difference in average density of the core
and mantle. We also indicate the p�value for a mantle denser than the core (⇢̄⌫

core

 ⇢̄⌫
mantle

). We show the results for four atmospheric neutrino
fluxes assuming a piecewise profile with five constant-density layers and for a PREM-like profile with five layers, and the combination of the
Honda-Gaisser primary cosmic-ray spectrum with the Gaisser-Hillas H3a correction (HG-GH-H3a) and the QGSJET-II-04 hadronic-interaction
model.
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Adding gravity constraints

Density of the mantle determined at ~4%


