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With the prospect of large volume radio neutrino detectors such as RNO-G and IceCube-Gen2,
measuring neutrinos above PeV energies is within reach. At these energies, atmospheric muons
stemming from cosmic ray air showers represent a rare background: They penetrate the ice
and can mimic the interaction of a neutrino through catastrophic energy losses. Due to both
limited experimental measurements and limited modeling in hadronic interaction models, the
expected event rate is subject to large uncertainties. In this study, we predict rates and associated
uncertainties and evaluate mitigation strategies, such as parent air shower detection.
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1. Introduction

With large volume radio detectors such as RNO-G and IceCube-Gen2 the detection of an
astrophysical neutrino above 10 PeV is within reach. Because the flux predictions vary widely, a
good understanding of rares backgrounds is necessary for these discovery experiments. The radio
signal to be detected is generated by the particle cascade following a neutrino interaction in ice. The
build-up of a net negative charge at the shower front leads to the emission of coherent radiation, the
Askaryan emission [1]. Due to a Cherenkov-like effect, the emission is strongest at the Cherenkov
angle (∼56° in ice). The signal amplitude at a given observer distance scales linearly with the
shower energy [2] and is typically visible above the thermal noise at 5 PeV to 10 PeV [3]. Due to
this emission mechanism, any particle cascade induced in the ice with the necessary energy deposit
creates a detectable signal, independent of its parent particle. This means that also high-energy
muons stemming from air showers could act as a background in neutrino detectors whenever they
initiate a shower [4]. The predicted muon event rate depends on the hadronic interaction models
and the cosmic ray composition, which are not-well determined, especially above PeV energies.
These proceedings summarize and add to what has been shown in [5].

2. Muon flux predictions

Atmospheric muons are generated in extensive air showers when a cosmic ray nucleon interacts
with an air nucleus and produces short-lived intermediate particles, mostly pions (the lightest known
meson) and a few heavier particles with shorter life times, such as kaons, D-mesons, etc. The highest
energy muons are generated within the first interactions, since which each generation the energy is
distributed equally between the daughter particles and less energy per muon is available [6]. The
relevant cosmic rays are protons, since they contain the kinetic energy in one nucleon rather than
iron which divides the energy to 56 nucleons. Consequently, one has to concentrate on the highest
energy interactions to study the relevant muon background. Unfortunately, these interactions are
far outside of the energy regime currently observable at accelerators, which makes far-reaching
extrapolations necessary.

The conventional component of the muon flux includes muons through the decay of short-lived
mesons, namely charged pions and kaons [7]. At very high energies the Lorentz time dilatation
increases the decay length of pions and kaons to a multiple of their interaction length (ℓint) in
air, making it more likely that they will interact and lose energy before they can decay. The
contribution of particles with a shorter lifetime 𝜏 then becomes dominant. Due to their almost
immediate decay the contribution of short-lived hadrons with 𝑐𝜏 ≪ ℓint is called prompt flux and
dominates above 106 GeV. The prompt flux can be divided into four components: the decay of
charmed hadrons (𝐷0, 𝐷+, 𝐷+

𝑠 ,Λ
+
𝑐,Ω

0
𝑐 and their antiparticles) [8], the decay of bottom hadrons

(𝐵0, 𝐵+, 𝐵+
𝑠 , 𝐵

+
𝑐,Λ

0
𝑏
,Ξ0

𝑏
,Ξ+

𝑏
) [9], the decay of unflavored mesons (𝜂, 𝜂′, 𝜌0, 𝜔, 𝜙) [9] and photo-

conversion into a muon pair (𝛾𝑍 → 𝜇+𝜇−𝑍) e.g. Bethe-Heitler process, Drell-Yan processes [9]
and photo-conversion into a vector meson (including J/Ψ) decaying into muons [10, 11].

Taking into account these different sources, the atmospheric muon flux can then be expressed
as the sum of five components:
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Figure 1: Simulated muon flux as function of muon energy for different hadronic interaction models (left)
and cosmic-ray composition models (right). Shown are the predictions for QGSJet-II.04 [14], Sibyll-2.3c
[12], and EPOS-LHC [13] for the Global Spline Fit (GSF) [15] cosmic ray composition. Dashed lines
represent the prompt muon flux and dash-dotted is conventional muon flux. The right shows different cosmic
ray composition models using Sibyll-2.3c: GSF [15], HillasGaisser (H4a) [16], T+UFA, [17, 18], T+H
[17, 19] and HillasGaisser (H3a) [16].

𝜙𝜇 (𝐸, 𝜃) = 𝜙conv
𝜇 (𝐸, 𝜃) + 𝜙charm

𝜇 (𝐸, 𝜃) + 𝜙unflav
𝜇 (𝐸, 𝜃) + 𝜙

𝛾
𝜇 (𝐸, 𝜃) + 𝜙bottom

𝜇 (𝐸, 𝜃). (1)

Different hadronic interaction models are available, which take different production channels
into account. Sibyll-2.3c [12] is the most complete models, including muons from charm decay,
unflavoured mesons and J/Ψ but neglect photo-conversion and B-mesons. EPOS-LHC [13] includes
only unflavoured mesons, the prompt component in QGSJet-II.04 [14] arises from 𝜂 decay. The
resulting difference in the muon flux is shown in Fig. 1 left.

The cosmic ray spectrum covers several decades of energy up to 1011 GeV, including particles
from galactic and extra-galactic origin. Just below the so-called ankle at 8× 109 GeV, the transition
region from galactic to extra-galactic cosmic rays is expected [20, 21], with different theoretical
models interpreting features differently.

Measurements of the cosmic ray composition above a few 105 GeV suffer from the uncertainties
in the hadronic interaction models, since the composition has to be inferred from shower parameters
such as the position of the shower maximum 𝑋max, which provides composition models with much
room for interpretation. Since the ultra-high energy muon flux directly depends on the cosmic ray
composition, these uncertainties propagate into the muon flux predictions. Different models have
been investigated to study the uncertainty stemming from this aspect. We also combine models
to study the influence of galactic and extra-galactic components. This is done to show the spread
in models, rather than choosing one over the other. The well-known Hillas Gaisser models are
theoretical simplifications for extreme scenarios: a heavy composition after the ankle (H3a) [16]
and a proton-rich composition (H4a) [16]. This is contrasted by the Global Spline Fit (GSF)
[15], a data-driven parameterization that considers measurements of more than ten experiments
and provides uncertainties at each energy. GSF is agnostic to theoretical models explaining the
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Figure 2: Left: Expected muon event rate for a 2.5𝜎 trigger in the deep component evaluating four extreme
scenarios in combining hadronic interaction model and cosmic ray composition as stated in the label. Right:
Various predictions for an expected neutrino event rate with a 2.5𝜎 trigger in the deep component, including
cosmogenic neutrinos (TA [22–24], Auger [24], T+H [17, 19]) and neutrinos from sources (Fang and Murase
[25], Rodrigues et al. [26])

derived composition in terms of sources and propagation. Thoudam et al. [17] published different
theory-driven cosmic ray spectra up to EeV energies. In the following, their prediction for cosmic
rays stemming from Supernova remnants (SNR-CR) and Wolf-Rayet stars (WR-CR) is used as a
galactic component, labeled T, and are combined with different extra-galactic components. The
UFA model by [18] predicts a strong pure-proton component concentrated only about one order
of magnitude in energy below the ankle. For our combination into the T+UFA model the results
are optimized for a pure nitrogen galactic composition, which matches the predicted composition
for WR-CR [17]. The extra-galactic component of Heinze et al. [19] is based on a framework in
which an ensemble of generalized ultra high energy cosmic ray accelerators is characterized by an
universal spectral index (equal for all injection species), a maximal rigidity, and the normalizations
for five nuclear element groups. The source evolution is included as an additional free parameter.
This allows for a parameter scan with a best fit result. The composition used in this paper is obtained
by a fit to the Auger data from 2019. The resulting muon fluxes are shown on the right in Fig. 1 for
Sibyll-2.3c as hadronic interaction model.

3. Signature in radio detectors

Simulations were performed for an RNO-G like detector array with 35 stations. Each station is
comprised of a dipole antenna (Vpol) located at a depth of −100 m in the ice (deep component), and
three log-periodic dipole antennas (LPDA) pointing straight down located at the surface (shallow
component). The simulation framework is detailed in [5]. The relevant quantity to radio detectors
is the energy which is transferred into the particle shower, which is usually a factor 10 lower than
the particle energy. Fig. 2 left shows the expected muon rate for a combination of extreme scenarios
in terms of shower energy. The hadronic interaction model Sibyll-2.3c combined with the GSF
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Figure 3: Relation of muon energy to parent cosmic ray energy. The distributions show the probability that
a muon with a given energy (color code) stems from a cosmic ray with an energy as indicated in the x-axis.

cosmic ray composition yields 0.07 muons per year and 35 stations, changing the cosmic ray model
to a heavier composition reduces the muon number by half. Choosing QGSJet-II.04 as generator,
results in almost no muons trigger. This is expected, since QGSJet-II.04 includes less muon
production channels, which are especially relevant at the highest energies. The differences using
Sibyll-2.3c and GSF, and T+H respectively are therefore likely a more complete and conservative
estimate for the uncertainties of the muon event rate, reducing the uncertainty budget to a factor of
2, keeping in mind that Sibyll-2.3c still does not model all components of the muon production.
Fig. 2 right shows the expected neutrino rate for the same detector and various models, including
cosmogenic neutrinos and neutrinos from sources. Most muons are expected between 107 GeV
to 108 GeV, towards higher energy their rate falls steeply. Above 108 GeV all shown neutrino
predictions are higher than the muon expectation, which provides an avenue towards a possible
analysis cut at high energies.

4. Muon and parent air shower

One possibility to distinguish a muon event from a neutrino induce shower is to detected the
parent cosmic ray of the muon. Since radio detectors like RNO-G also consist of upward facing
antennas, air shower detection is already integrated in the system. To quantify the veto efficiency
one needs a relation between cosmic ray energy and muon energy. Since the ultra-high energy
muons are boosted along the shower axis, the arrival direction can assumed to be the same. Fig. 3
shows a probability distribution that a muon with a certain energy originates from certain cosmic
ray. Most likely a muon stems from a cosmic ray that has an energy a decade higher than the
muon itself. The relation is retrieved by simulating air showers with a certain primary and scaling
the muon content according to the cosmic ray composition, as detailed in [5]. To calculate the
veto on event basis, for each muon an air shower simulated with textscCORSIKA [27] and the
matching arrival direction is placed inside the detector array according to the muon position. The
resulting radio signal is simulated with CORSIKAs radio extension CoREAS [28] and then folded
with the detector response using NuRadioReco [29]. Since the amplitude of the air shower signal
scales linearly with the cosmic ray energy [30] it can now be calculated, which air shower energy
is necessary to exceed a simple 2.5𝜎noise trigger threshold in an upward-pointing shallow LPDA
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Figure 4: Cosmic ray veto for muon events using Sibyll-2.3c as hadronic interaction model and GSF as
cosmic ray composition. Left: Expected event rate for all muon events (solid line), muons with measured
parent air shower (dotted) and muons without measured air shower (dashed). The color code indicates in
which detector component the muon was measured. The lower panel shows the veto efficiency for different
zenith arrival direction as indicated in the label. Right: The color code indicated different trigger thresholds
for the cosmic ray veto. The lower panel shows the veto efficiency.

antenna and hence veto the muon event. In the last step, the probability that a muon event stems
from an air shower with an energy higher than the trigger threshold energy is calculated and assigned
to that muon. Combined with the predicted muon flux, the number of muons that can be vetoed
by detecting the parent cosmic ray can be calculated. Fig. 4 left shows a veto efficiency close to
100% for muon energies > 109 GeV. Muons originating from inclined air showers are more likely
to be vetoed since the radio signal for inclined air showers covers a larger area but becomes fainter
at the same time. Therefore the veto efficiency increases with higher zenith angles only for higher
energies. Fig. 4 right shows the depends on the trigger threshold. A lower threshold improve the
veto, especially at the highest energies. Those event, with a cosmic ray energy around 1011 GeV
are, however, very rare. To improve the veto efficiency, a denser array of antennas would be needed.
However, such an in-fill array would have to have a spacing of O(100)m, making it too dense to be
feasibly installed.

To get a better understanding of the event geometries the station multiplicity and the relation
of cosmic ray trigger to muon trigger have been investigated. Fig. 5 left shows, that almost all
deep muons trigger only one station. This is expected, as the station spacing of 1.25 km has been
optimized to cover the largest possible volume, rather then focus on multiple triggers. Most air
showers do not trigger in the vicinity of the muon trigger (85%), but have to self-trigger another
station, see Fig. 5 right. This is especially true for inclined air showers, where the muon can travel
up to 4 km in the ice before inducing a visible radio signal. For ∼10% of the deep muon events, the
cosmic ray triggers the same station, which would allow for a sub-threshold search. This behavior
is similar for all triggers, since the detection location is determined mostly three factors: the travel
distance of the muon, before it induces an visible shower (I), the cherenkov cone (II), where the
radio signal is strongest and therefore measurable (opening angle of 56°). Plus, the radio signal
gets bend down while propagation through the ice. This is a consequence of the changing refractive
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Figure 5: Event geometry inside the array. Right: Fraction of the muon events where the deep trigger
triggers one, two or three different stations of the array. Left: Relation of cosmic ray triggered station to deep
muon triggered station. For ∼10% of the muon event the cosmic ray trigger occurs in the same station as the
deep muon trigger, in ∼5% of the cases the cosmic ray trigger occurs in the nearest neighboring station, the
rest of the cosmic rays is expected to trigger elsewhere in the array.

index (III). Therefore, most events who have muon and cosmic ray trigger in the same station arrive
at an zenith angle of 𝜃 ≈ 50°. Possible implications for the hardware regarding the time difference
are described in [5].

5. Conclusion

We showed that atmospheric muons at PeV energies and beyond are a non-negligible back-
ground to radio neutrino detectors in ice. The ultra-high energy muon flux is highly dependent on
hadronic interaction models and the proton fraction of cosmic ray composition. Sibyll-2.3c cur-
rently provides the most complete hadronic interaction model for these high energies, since it consid-
ers the conventional component, the contribution from charmed hadrons and muons from unflavored
mesons, neglecting only the subdominant contributing from B-mesons and photo-conversion into
muon pairs. The cosmic ray composition influences the muon rate mostly through the parameter of
the proton fraction. Changing from a proton-rich to a proton-poor model, yields a difference of a
factor of two in flux prediction. An RNO-G like detector with 35 stations will observe about 0.07
muons per year, using the Sibyll-2.3c prediction and a 2.5𝜎-threshold. These numbers should be
compared to the very uncertain flux predictions for neutrinos, which are ranging from 2.7 neutrinos
to 0.01 neutrinos per year in RNO-G.

A possible mitigation strategy is to detect cosmic rays and thereby identify muon events: if
the parent air shower of the muon can be detected, it provides a signature unique to muon events.
The efficiency of this mechanism is energy and arrival direction dependent with good efficiency
for a zenith arrival direction more inclined than 55° zenith and muon energies above 109 GeV. It
is, however, likely that neutrinos and muons show a different energy spectrum. The muon flux will
likely not be measurable above 109 GeV shower energy, already being smaller than most neutrino
fluxes at 108 GeV shower energy. The obtainable resolution of the shower energy of radio neutrino
detectors is expected to be better than a factor of two [3], which seems sufficient to assign a
significant signalness probability for high energy events. Combined with an air shower veto, which
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is most efficient at high energies, this should allow for a relatively background-free neutrino shower
detection above 108 GeV.
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