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𝝂SpaceSim: An end-to-end simulation package to
model the sensitivity of UHECR experiments to
upward-moving extensive air showers sourced by
cosmic neutrinos interacting in the Earth
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Neutrinos act as probes of hadronic processes and offer a distinctive view into their astrophysical
origins at high energies. When reaching energies on the PeV scale, 𝜈𝜏 interactions within the
Earth can produce a significant flux of 𝜏-leptons. These 𝜏-leptons subsequently decay, generating
upward-moving extensive air showers (EAS). Using the Earth as a target for neutrinos and the
atmosphere as a signal generator effectively creates a detector with a mass ≫ gigaton. 𝜈SpaceSim
is a comprehensive simulation developed to model all the relevant physical processes that describe
the neutrino-induced, Earth-emergent lepton chain. The simulation models neutrino interactions
inside the Earth that produce leptons, the propagation of the leptons through the Earth into the
atmosphere, and their decay, forming composite EAS. Next, it models the generation of air optical
Cherenkov and radio signals from these showers, including the propagation and attenuation of
these signals through the atmosphere, accounting for effects such as clouds and the ionosphere.
Finally, the simulation models the detector response according to the parameters defined by the
user (such as altitude, effective area, frequency band...). Through this end-to-end simulation,
𝜈SpaceSim aims to help design the next generation of balloon- and space-based experiments, to
estimate the exposure of ground-based experiments to these showers, and to understand the data
from recent experiments such as EUSO-SPB2 and ANITA.
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1. Introduction

The high energy astrophysical phenomena (VHE: 𝐸𝜈 ≳ 1 PeV) can be observed mainly through
four known distinct messengers: cosmic rays (made up of nuclei such as protons or iron), gamma
rays, gravitational waves, and neutrinos. Combining these four messengers may help us find
and understand the mechanisms behind the astrophysical sources of the highest energies [1]. In
particular, due to the neutral and weakly interacting nature of neutrinos, their observation may grant
us the opportunity to detect sources beyond regions that are opaque to electromagnetic radiation
(gamma rays) or that present a magnetic field that deflects all charged particles (making it very
difficult to retrace the cosmic ray back to its source) [2, 3]. On top of that, there are many more
sources of 𝜈 than detectable gravitational waves.

Figure 1: Measured and expected fluxes of the main
neutrino sources as a function of energy. [4]

Figure 1 shows the predicted flux of neu-
trinos as a function of energy and their sources.
The VHE region includes neutrinos from Active
Galactic Nuclei (AGN) and cosmogenic neutri-
nos. However, the flux of these neutrinos is
still highly suppressed. When also consider-
ing that neutrinos have an extremely low cross-
section with matter [5], the direct detection of
VHE neutrinos becomes practically unfeasible.
Therefore, an indirect approach is needed, as it
enables a radically larger target detection vol-
ume to be used. The IceCube Collaboration
[6] has done this by using ∼ 1 km3 of antarctic
ice, and has obtained several significant results.
IceCube provided evidence for an extra-solar
astrophysical neutrino flux, with energies extending from 𝐸𝜈 > 10 TeV to possibly ∼10 PeV [7],
including an event matching the Glashow resonance at 6.3 PeV [8]. They also detected a correlation
of neutrinos with the nearby active galaxy NGC 1068 [9], the blazar flare TXS 0506+056 [10],
and with Tidal Disruption Events [11]. This demonstrates the existence of extra-galactic neutrino
sources and highlights the importance of multi-messenger astrophysics. It also proves the success of
the indirect detection method for VHE neutrinos, and its necessity to observe and better understand
transient astrophysical events.

A complementary approach to IceCube that these findings motivate is the development of sub-
orbital balloon experiments, such as EUSO-SPB2 [12], PUEO [13] or PBR [14], and space-based
experiments, such as POEMMA [15]. These experiments are designed to use the entire mass of the
Earth as the target volume for neutrino interactions, and the atmosphere as the detection volume,
drastically increasing the sensitivity to Ultra High Energy (UHE: 𝐸𝜈 ≳ 1 EeV) neutrinos.

At the sources the initial ratio of neutrino flavour is 𝑁𝜈𝑒 : 𝑁𝜈𝜇 : 𝑁𝜈𝜏 ∼ 1 : 2 : 0 [16]. However,
neutrino oscillations over astronomical distances causes the neutrino flavour ratio that arrives at
Earth to balance out to be 1 : 1 : 1 [17]. To detect 𝜈-induced upward-going EAS, first a 𝜈𝜏 must
reach the Earth and cross through it, undergoing Charged Current (CC) interactions that produce
a 𝜏 lepton or Neutral Current (NC) interactions that produce a lower energy 𝜈𝜏 . The 𝜏 lepton
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then decays; if this happens inside the Earth it produces another 𝜈𝜏 which may have another CC
interaction to produce a new 𝜏 (regeneration effect). If the 𝜏 makes it out of the Earth, it can
decay in the atmosphere and its products will then interact with the atoms in the atmosphere to
initiate an EAS. This EAS will then produce optical (Cherenkov and fluorescence) and radio signals
that propagate through the atmosphere until they reach the detector, be it on the ground, onboard
a balloon, or in space. The 𝜈𝜏 is the main candidate for this detection channel due to the short
half-life of the 𝜏, ensuring it decays in the atmosphere. Conversely, for 𝜈𝑒 the 𝑒± interaction length
is too short for a significant fraction of them to make it out of the Earth, while for 𝜈𝜇 both the
shorter interaction length of the 𝜇 and the longer lifetime in the atmosphere significantly suppress
its detection. However, the muonic channel can still be considered, albeit only one 𝜈𝜇 → 𝜇

interaction is required since muons quickly lose energy in transit through the Earth. Though

Figure 2: 𝜈SpaceSim flowchart, showing
the modularity of the simulation package

The need to accurately model the sensitivity of next-
generation cosmic neutrino experiments, including their
response to neutrino-induced signals, motivates the cre-
ation and continued development of 𝜈SpaceSim. This
comprehensive, end-to-end simulation software package
is designed to efficiently provide detailed modeling of
neutrino interactions, lepton propagation, and detector re-
sponses, enabling precise predictions and optimizations
for upcoming experiments.

2. Simulation framework

𝜈SpaceSim uses a vectorized Python wrapper with
different modules also written in Python. Figure 2 shows
the flowchart of 𝜈SpaceSim and the modules that are part
of it. For a user-given detector configuration, it generates
the geometry of the incoming neutrinos. It models the
propagation of the 𝜈𝜏 and 𝜏 inside the Earth, including
the CC and NC interactions that may occur. It calculates
the probability of the 𝜏 exiting the Earth (Figure 3), as
well as the energy and decay of the resulting 𝜏. The
simulation then models the formation of the EAS, the
generation of the subsequent optical and radio signals, and
their propagation through the atmosphere. This includes
accounting for ionospheric dispersion and atmospheric
scattering effects, such as ozone, clouds, aerosols, and Rayleigh scattering. Finally, it simulates
the arrival of the signal at the detector. The output provides data to calculate the cosmic neutrino
sensitivity of the defined instrument and saves event-by-event analysis variables in astropy tables
[18] that can be plotted (Figure 4).

The original modules, written in Fortran, C, and C++, have been ’pythonized’ to enhance
performance and usability without compromising accuracy. It uses a sampled library methodology
to build on the past work of other packages and increase efficiency. This approach relies on pre-
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built libraries in the shape of lookup tables for the most computationally demanding parts of the
simulation. Some of the libraries used are NuPyProp [21] and NuTauSim\NuLeptonSim [22] for
the 𝜈𝜏 propagation through the Earth, Pythia8 [23] for the decay products of the 𝜏, MERRA-2 [24]
for the atmospheric data and ZHAireS [25] for the radio signal modeling. This enables the user
to further customize their simulation by varying parameters at will, or even use their own libraries
or lookup tables as long as the appropriate input format is followed. It also counts with inherent
multi-core processing via Dask [26]. This approach makes 𝜈SpaceSim extremely fast, generating
106 events in ∼ 5 minutes using a MacBook Pro with an M2Max processor. A precompiled package
of version 1.6.0 can be downloaded publicly through pip [27] or from the HEASARC web portal
[28]. The open-source code is accessible via a public GitHub repository [29], which provides

Figure 3: Left: Earth exit probability of the 𝜏 for different 𝜈𝜏 energies and Earth emergence angles. [19].
Right: Average energy of the outgoing 𝜏 and range of energies including 68% (black) and 95% (grey) of the
events as a function of Earth emergence angle, for a 𝐸𝜈𝜏 = 0.1 EeV on the top and 1 EeV on the bottom [20].
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Figure 4: Dashboard exemplifying some of the plots produced by 𝜈SpaceSim
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documentation and a platform for users to report issues. Source-code tarballs for previous releases
are stored and maintained by the HEASARC at GSFC.

3. Simulation features and upgrades in progress

Figure 5: Upper: triggering pixels in
the detection plane. Lower: Shower
profile reconstruction.

The user input format is in TOML to provide a simple
and clear way to specify the simulation parameters, and the
output is given as either HDF5 or FITS format. There is
also the option of outputting the EAS longitudinal profiles of
the generated events in a CONEX-like Root format [30] (cur-
rently in beta version). This allows for the direct interfacing
of 𝜈SpaceSim output with the simulation framework of exper-
iments from other collaborations (e.g., Offline [31]) to include
the instrument-specific electronics, cameras, etc. Offline was
developed and is maintained by the Pierre Auger Collabora-
tion for their Observatory. It was also adapted for the EUSO
Collaboration to support balloon-borne or space-based exper-
iments like EUSO-SPB2, PBR, or POEMMA. Figure 5 shows
an example of a simulation in Euso Offline [32] of a triggering
shower of 100 EeV generated by 𝜈SpaceSim in a POEMMA-
like fluorescence camera at 525 km of altitude. Current work is
in progress in collaboration with the Pierre Auger Observatory
to calculate its Fluorescence Detector’s exposure to neutrino-
induced upward-going EAS.

Figure 6: Mean and variance of a composite EAS
using Pythia8 and CONEX, along with the Greisen
parametrization currently employed in 𝜈SpaceSim

The default package used to model 𝜏

propagation and exit probability is nuPyProp.
However, a version of 𝜈SpaceSim using
nuLeptonSim is being developed, and the
modularity of the software allows for the
use of other publicly available codes such
as TauRunner [33] or nuPropEarth [34], al-
lowing a user to quantitatively measure the
differences and systematic errors in this part
of the simulation. 𝜈SpaceSim also mod-
els both cosmic diffuse neutrinos and tran-
sient neutrino sources while providing the
pointing specifications needed for target-of-
opportunity follow-up observations.

The EAS module is being upgraded in multiple ways. The modeling of the 𝜏 decay products
using Pythia8 is being implemented along with the generation of composite EAS according to
said decay products. This will use CONEX-parametrized component showers and will account
for variability both in 𝑋max and 𝑁max. Figure 6 shows an example of this implementation, cur-
rently in beta version, displaying the mean, RMS variation, and a Greisen parametrization for
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reference at the respective energy. Future additions will include optical and radio signals from
muonic EAS, signals from the muon component of regular EAS, and different background effects.

Figure 7: Simulated sensitivity of an SPB-2 like balloon
experiment, showing the 90% CL for both radio and
optical Cherenkov.

The effects of clouds were recently im-
plemented for version 1.5.1. It assumes
the clouds are opaque to Cherenkov light
and offers the flexibility to use data from
the MERRA-2 database, include a constant
layer of clouds at a specified altitude, or ex-
clude clouds entirely. The Cherenkov, ra-
dio, and timing calculations are also be-
ing updated to increase their accuracy and
efficiency. In particular, the Cherenkov
light will be modeled using CHASM [35],
which exploits the universality of charged
particles to calculate the Cherenkov pho-
ton yield at the given detector position
and its angular distribution, by sampling
throughout the shower stages and altitudes.
The radio signal currently uses ZHAireS.

4. 𝜈SpaceSim results

SPB2

Auger 

ANTARES

IceCube

Figure 8: Measured 14-day all-flavor 90% confidence
sensitivity of the ANTARES, IceCube, and Auger exper-
iments to GW170817, and the simulated sensitivity for
SPB-2 [36].

𝜈SpaceSim can be used to calculate the
sensitivity of any optical and/or radio instru-
ment in a straightforward and user-friendly
way, particularly balloon-borne and space-
based experiments. Figure 7 shows the simu-
lated sensitivity of a balloon mission at 33 km
altitude, pointing between the Earth’s limb
and 6.4◦ below, full azimuthal aperture, 1 m2

optical camera area and 10 radio antennas in
the 30-300 MHz band using 𝜈SpaceSim. All
of these parameters and more are customiz-
able, including some of the sampled libraries
involved in the modeling of the different physical processes that are part of the simulation.

Using 𝜈SpaceSim’s transient source modeling enables a direct performance comparison be-
tween balloon missions, such as EUSO SPB-2, and ground-based experiments in observing transient
target-of-opportunity events. Figure 8 shows a simulation of what the 14-day sensitivity of EUSO
SPB-2 would have been to the GW170817 binary merger [37] compared to the actual sensitivity of
other experiments if it had been active during the merger. It shows how this detection method can
compare and compete with the biggest observatories available, and demonstrates the importance of
having software adapted to a target-of-opportunity program for the detection of transient events.
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5. Conclusion

𝜈SpaceSim provides an end-to-end earth-skimming cosmic neutrino simulation that models
all the physical processes that lead to the detection of both the optical and radio signals produced
by the 𝜈𝜏-induced EAS. The existing features and the upcoming upgrades presented in this paper
are continually being developed within 𝜈SpaceSim to provide the VHE and UHE neutrino com-
munity with new improvements in modeling accuracy, customization, efficiency, and accessibility.
Comments, bug reports, or new feature proposals are always welcome on the GitHub page [29].
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