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We present a detailed modeling and computation methodology to determine the optical Cherenkov
signals produced by upward-moving extensive air showers (EASs) induced by z-leptons and muons,
sourced from the interaction of high-energy astrophysical neutrinos interacting in the Earth. Following
and extending the physics modeling and Cherenkov signal simulations performed in M. H. Reno et al.
[Phys. Rev. D 100, 063010 (2019)], this scheme encompasses a new, state-of-the-art computation of the
muon neutrino propagation inside the Earth and the contribution to the z-lepton muon decay channel.
The modeling takes into account all possible z-lepton decay and muon energy loss channels that feed the
optical Cherenkov emission, produced by both tau and muon initiated EASs. The EAS modeling uses
the electron energy, angular, and lateral distributions in the EAS and their evolution as well as the
wavelength dependence of the Cherenkov emission and its atmospheric attenuation. The results
presented here are focused on the detection capabilities of suborbital (balloon-borne) and orbital
(satellite) based instruments. The latter case was calculated for POEMMA [The Probe Of Extreme
MultiMessenger Astrophysics] to compare to that presented in M. H. Reno et al. [Phys. Rev. D 100,
063010 (2019)], specifically including the muon-decay channel of z-leptons and the muonic EAS
Cherenkov signal from muon neutrino interactions in the Earth. By detailing all these individual
contributions to the optical Cherenkov emission and detection, we show how the ensemble that includes
muonic channels provides a large detection capability for space-based, high-energy cosmic neutrino
detection. Specifically, we show that for neutrino energies <10 PeV, the upward-EAS sensitivity due to
muon neutrino interactions in the Earth begin to dominate over that for tau neutrino interactions,
effectively extending the neutrino sensitivity to lower energies.
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I. INTRODUCTION

High-energy astrophysical neutrinos and antineutrinos
(hereafter collectively denoted as neutrinos) carry unique
information about the most energetic nonthermal hadronic
processes in the Universe and their cosmological evolution.
This information provided by the neutrino channel can help
to explain the physics of ultrahigh energy cosmic ray
(UHECR) acceleration and propagation, and the UHECR
nuclear composition, and to help probe new physics
beyond the Standard Model (SM) [1-14].

Being neutral and having extremely low interaction
cross sections, even at the highest energies, astrophysi-
cal neutrinos are ideal astronomical messengers as they
travel cosmological distances with virtually no deflec-
tion, scattering, or absorption. Moreover, in a multi-
messenger approach, the observation of high-energy
astrophysical neutrinos is complementary to other chan-
nels of observation such as gamma rays, cosmic rays
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and gravitational waves, as neutrinos bring unique
information about source characteristics [2-4]. In addi-
tion, long baseline neutrino oscillation from cosmic
sources provide (to first order) a 1:1:1 ratio of neutrino
flavors at Earth regardless of the flavor composition at
the source [15].

The weak interaction of neutrinos requires very large
amounts of target material to allow for observable inter-
actions, which can be reached only if vast portions of the
Earth and/or its atmosphere are used as targets. At neutrino
energies E, 2 1 PeV, the charged-current, neutral-current
cross sections and inelasticity of neutrinos and antineu-
trinos are essentially identical, with the cross sections
increasing with neutrino energy, e.g., Ref. [16]. However,
the expected astrophysical flux of neutrinos decreases
with increasing energy, making it even more difficult to
measure a statistically significant number of events at
the highest energies without increasingly large detection
volumes.

© 2021 American Physical Society
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The first detection of a flux of high-energy neutrinos
(above the atmospheric neutrino background) coming from
outside the solar system was performed by the IceCube
collaboration in the energy range that spans from ~10 TeV
up to a few PeV [17-21]. This fundamental step forward
marks the beginning of high-energy neutrino astrophysics.

IceCube is a km? scale instrument located in the South
Pole which observes high-energy neutrinos by using the
Antarctic ice as a target. The Cherenkov emission induced
in the ice by the products of neutrino interaction is then
collected by the optical modules that instrument the cubic
kilometer [22]. The event topology (tracklike, cascadelike,
and double pulse/bang) provide a method to detect the
flavor of the incident neutrinos.

Paving the way toward high-energy neutrino astronomy,
in the coming age of multimessenger astrophysics, the
IceCube collaboration performed several remarkable obser-
vations such as the detection of both tau and electron
neutrinos fluxes [17], thus further confirming the cosmic
origin of the signal, as well as the detection of a neutrino
event with energy around 300 TeV correlated in both arrival
direction and time to a flaring blazar observed via y ray
emission by the FermiL AT satellite [23]. However, given
its experimental acceptance, IceCube currently has
limited sensitivity at energies larger than a few PeV [3].
Other neutrino observatories of km?® scale, based on the
Cherenkov light detection in water and still under con-
struction in undersea environments, like the KM3NeT [24]
and GVD detectors [25], share similar limits in sensitivity
and angular resolution compared to IceCube.

Notwithstanding the transformational results obtained
so far, to go beyond the discovery phase, as commonly
happens to astronomical instruments, an improvement in
exposure and pointing resolution of the detectors is
required. In order to maximize the experimental exposure,
i.e., the target material, the techniques proposed to
detect astrophysical neutrinos are spread over different
environments: underground, ground, suborbital or orbital.
Underground experiments, such as IceCube or KM3NeT
and GVD, focus on the upward-going Cherenkov emission
produced in transparent underground environments, such
as ice or water, by the products of charged-and neutral-
current interactions of neutrinos (see [6] and references
therein).

At energies larger than few PeV, in order to maximize the
detector acceptance, experiments can also use the coherent
radio emission produced by the time-varying net charge
in neutrino initiated showers in dense media such as ice,
the so-called Askaryan effect [26,27]. The balloon-borne
ANITA experiment [28,29], pioneered the principle of
radio neutrino detection, based on the Askaryan effect,
set definitive neutrino flux limits at the highest enegies
(E, Z 100 EeV) [30]. Radio waves attenuate in ice with a
path length at the km scale, thus a limited number of
ground-based radio antennas can cover large volumes

easily reaching one hundred of cubic kilometres. In the
last decade, two experiments, both performed in Antarctica,
have tested the Askaryan effect to detect astrophysical
neutrinos: the ARA detector on the South Pole [31,32] and
the ARIANNA detector on the Ross Ice Shelf [33,34].
These experimental efforts should comply with a suitable
reduction of the strong background of thermal and
anthropogenic radio signals, the observations conducted
so far have enabled the determination of upper limits to the
astrophysical neutrino flux at energies larger than 10 PeV
[35]. The detection of radio signals are also a significant
part of the proposed IceCubeGenll experiment [36], an
extension of the actual IceCube infrastructure that, together
with a factor of 10 increase in the target volume for
Cherenkov light detection in ice, promises a larger accep-
tance at the highest energies.

Another class of experiments focus on detecting the
optical and radio signals from neutrino-induced extensive
air showers (EASs). Astrophysical neutrino EAS detection
in the case of ground, suborbital and space-based experi-
ments use the high-energy electrons, muons, and/or taus
coming from neutrino charged-current interaction either in
the Earth or in the Earth’s atmosphere as the seeds of the
EAS [37-53].

Ground-based experiments designed to detect UHECR,
such as the Pierre Auger Observatory [53] and the Telescope
Array [54,55] are able to observe EASs produced in the
atmosphere through the (isotropic) fluorescence emission
and from direct detection of charged particles on ground
[56]. The analysis of the data collected by these experiments
have shown no direct evidence for neutrino events, providing
upper limits to the possible astrophysical neutrino flux at
energy larger than 0.1 EeV [50].

Given the large amount of atmosphere that can be
observed by suborbital and space-based experiments, they
can employ larger target masses with respect to ground and
underground experiments, thus providing significant gains
in the overall acceptance. The detection of EAS in the
atmosphere from suborbital and space-based detectors can
be achieved through both: (i) the beamed Cherenkov light
produced in the atmosphere by charged particles from the
EAS (mainly electrons) and (ii) the coherent radio emission
produced by the Askaryan (negative charge excess of the
EAS) and the geomagnetic (charge separation induced in
the EAS by the geomagnetic field) effects at lower energies.
At higher energies, the fluorescence detection of EAS
induced from neutrino interactions in the atmosphere can
be used to achieve extraordinary sensitivity [37]. Both
the optical and radio detection techniques provide good
resolution in the determination of the primary neutrino
energy and have an excellent angular resolution in the
reconstruction of the incident neutrino direction.

Coherent radio emission produced by UHECR induced
EASs has been observed by the ANITA balloon-borne
experiment [57], through four long-duration balloon
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flights. The ANITA detector has demonstrated the viability
of the radio detection technique on downward (reflected)
and horizontal (direct) EASs produced by UHECRs
[57,58]. However, the unique topology of a neutrino-
induced event emerging from the Earth associated with
the upward direction of an EAS, and a search for these
signals by ANITA has led to upper limits in the astro-
physical neutrino flux at energies larger than 10 PeV
[28,30,59]. Recently, the ANITA collaboration has
announced the detection of a few events consistent with
upward going EASs [60]. However, given the inferred path-
length through Earth and the reconstructed energy of the
signal, it is unlikely that these events can be ascribed to
high-energy astrophysical neutrinos [60-63].

In the present paper we will focus on modeling the
optical Cherenkov emission of the EASs produced in
the atmosphere by the decay or interaction of leptons
resulting from the interaction of high-energy neutrinos
inside the Earth. If a neutrino interaction occurs close
enough to the Earth’s surface, a lepton (muon or tau)
can emerge into the atmosphere and produce an EAS, the
so-called Earth-skimming neutrino events, although we
will show that the Earth emergence angles can be fairly
large at the lower neutrino energies (£, < 100 PeV).
We will concentrate our analysis on the detection
capabilities of space-based and suborbital detectors to
these events.

Several different proposals were recently presented to
detect Earth-emergent neutrinos through the optical
Cherenkov emission from an EAS in the form of ground-
based experiments (Trinity [49]), suborbital (EUSO-SPB2
[51,52]) and orbital experiments (POEMMA [37,38,64]).
The observation of these signals enables, in principle, huge
neutrino target masses with increased acceptance at the
highest energies with respect to underground experiments,
by using the Earth’s atmosphere as part of the “detector,”
even with a reduced duty-cycle (at the level of ~20%
compared to ~100% of the underground approach).

As neutrinos propagate through the Earth, they may
undergo neutral-current interactions which reduce the
initial energy or charged-current interactions, which con-
vert the neutrino into its corresponding lepton. As leptons
propagate through the Earth, they may undergo severe
energy losses (with electrons losing the most, followed by
muons and z-leptons, roughly in the ratio of their respective
masses) and also, excluding electrons, have the potential to
decay back into a neutrino (the so-called regeneration
effect). Implementing a new computation scheme to study
neutrino propagation inside the Earth [65], we will present
results that are an extension of the approach already
discussed in [66], where the authors considered only the
hadronic and electronic decay channels of z-leptons. Here
we extend the computation to include the case of muons
produced by z-lepton decay and by muon neutrino inter-
action inside the Earth. In these two cases, the interacting

muon will be the EAS initiating particle, i.e., a high-energy
muonic particle cascade.

The paper is organized as follows: in Sec. II we discuss
the interaction of neutrinos inside the Earth, in Sec. III we
review the physics of upward EAS, taking into account
both muon and z-lepton initiated EAS, together with a
discussion on the expected Cherenkov emission, in Sec. [V
we compute the event rate expected for space-based and
suborbital experiments specifying the discussion to the
cases of POEMMA (525 km altitude) and EUSO-SPB2
(33 km altitude), conclusions take place in Sec. V.

II. NEUTRINO INTERACTIONS IN EARTH

The detection of astrophysical neutrinos through an Earth
target requires an accurate description of neutrino propaga-
tion inside the Earth. At high energies, the Earth becomes
opaque to neutrinos and thus the detection signal is provided
by “Earth-skimming” events, that traverse a relatively short
slant depth in the Earth [67]. Thus, a detailed model of the
Earth density distribution along the neutrino trajectories is
required as determined by the detection geometry for the
muon and z-lepton initiated EASs.

In this paper, we have used the computation scheme,
based on a Monte Carlo approach, called NuTauSim' [65],
which propagates tau neutrinos inside the Earth using
the preliminary reference Earth model (PREM) [68] taking
into account both tau neutrino charged-current and neutral
current interactions, z-lepton energy losses and tau neutrino
regeneration effects. The NuTauSim code determines the
output flux and energy spectra of tau neutrinos and
7-leptons given an input flux of tau neutrinos, neutrino
energy (or spectra) and particle Earth-emergence angle.
The variable inputs for this kind of computation are
(1) neutrino spectra; (2) ice layer thickness of the Earth;
(3) model of z-lepton energy losses at high energies;
(4) model of neutrino neutral-current and charged-current
cross sections at high energies. A complete description of
the NuTauSim code and its primary results are given in [65].
In all computations that follow, we have assumed the ice
layer around the Earth equal to 4 km, compared to the 3 km
thickness in the PREM.

The main source of uncertainties in the determination of
the z-lepton fluxes comes from the uncertainties in the
neutrino-nucleon cross section and the z-lepton energy
losses at the highest energies, as they require the extrapo-
lation of the nucleon structure functions at energies not
probed experimentally.

In the case of the neutrino-nucleon cross section, the
standard model uncertainties can reach the level of a factor
of five at the highest energies (up to 10! eV) depending
on the extrapolations of the nucleon structure function [69].

'One of the authors of the present work (A.L. Cummings)
contributed to the development of the NuTausim computation
scheme [65].
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In the NuTauSim approach, the results presented for the
neutrino-nucleon cross section in [69] are used, which
include an upper, lower, and middle model. For what
follows, we use the middle extrapolated model. Other
approaches based, for instance, on the dipole model
[70], provide a slightly lower estimation of the neutrino-
nucleon cross section of roughly 20% at energies larger
than 10'® eV with closer agreement at lower energies.
The model used in NuTauSim to describe the z-lepton
energy losses takes into account all relevant channels:
ionization, pair production, bremsstrahlung and photo-
nuclear interactions, being the latter dominant above
1 PeV. The NuTauSim computation scheme is based on
either the parametrization of z-lepton energy losses given
by Armesto, Salgado and Wiedemann (ASW) [71] or
Abramowicz, Levin, Levy and Maor (ALLM) [72-74].
For what follows, we use the ALLM approach that uses the
continuous model for energy losses: —4£ = a(E) + b(E)E
where a(E) and b(E) are parametrized for the z-lepton in
[74]. In the simulation, for the propagation of the z-lepton
inside the Earth, a cutoff energy of 0.1 PeV is assumed,
noting that this alters the Earth emergence probability by
less than 0.1% even for neutrinos with initial energy 1 PeV
out to Earth emergence angles larger than 30° (for higher
energy neutrinos, this fraction is even smaller. See figure 1).

As discussed in the Introduction, we also model the EAS
signal produced by muons sourced from muon neutrinos
interacting in the Earth. The NuTauSim computation scheme
was originally developed for tau neutrino interactions. To
account for the muon neutrino propagation inside the Earth
we have modified the NuTauSim code according to the
following prescriptions [75]:

(i) Substitute the z-lepton mass and decay distance with
those for the muon.

(ii) E, from muon decay sampling table created using
10,000 relativistic muon decays in PYTHIAS [76] for
possible u — v, — u regeneration effects.

(iii) Average energy losses modeled as continuous with
a(E) and b(E) parametrized in the ALLM approach
as in [74,77] for high-energy muons.

(iv) Low energy cutoff set to 10'% eV instead of 10'* eV
to capture the complete distribution of emerging
muons (see Fig. 2).

(v) Above 10" eV, the parametrization for the neutrino
cross section was not changed, as it is the same for v,
as v,. For energies below, we use the results of [67]
to model the difference between neutrinos and
antineutrinos.

(vi) High Lorentz factors of the resulting leptons ensure
the sampling of muon energy from the parent
neutrino is the same as that of the z-lepton, which
is well parametrized in NuTauSim for neutrinos and
antineutrinos for the energies of interest.

In both cases of tau and muon neutrinos, we simulate

monoenergetic fluxes from E, =105 eV to E, = 10?! eV,
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FIG. 1. Upper panel: tau emergence probability as a function of

Earth emergence angle (in degrees) for energies ranging from
105 eV to 102! eV as labeled. Lower panel: muon emergence
probability for the same parameter space above.

spaced in half decades and Earth-emergence angles (com-
plement of 6., the trajectory angle from local Earth normal)
from 0.1° to 50° spaced non-uniformly in 30 bins to
attempt to capture the characteristic features of the curves.
For high input energies and Earth emergence angles,
computation time (for reasonable statistics) grows exceed-
ingly large due to increased energy losses and number of
interactions. To compensate for this, for each neutrino
energy and emergence angle, we propagate neutrinos until
we reach 100 emerging leptons, regardless of emergent
energy, resulting in a 10% statistical error on the Earth
emergence probability. The energy distributions of the
emerging leptons are later fit using 3-dimensional kernel
density estimation to provide smoother sampling, which
reproduces the energy distributions with far more events
extremely well. The Earth emergence probability as a
function of emergence angle for primary neutrino energies
ranging from 103 eV up to 10?! eV is shown in Fig. 1 for
both z-leptons and muons.
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For energies above a few TeV, the dominant energy
loss term comes from the b(E) factor in the continuous
energy loss model. At 100 TeV, b(E) is roughly
4.5 x 107 g=! cm? for muons and 3 x 1077 g~! cm? for
tau leptons. The muon decay length is 6.25 x 103 km and,
assuming an average rock density of 2.9 gcm™2, the
interaction scale is calculated as 0.7 km. For a z-lepton
of comparable energy, the equivalent values are 4.9 m and
11.5 km. Except at very high energies, the z-lepton mean
free path is dominated by the decay distance, whereas
that of the muon is dictated by energy losses. Because the
muon lifetime is orders of magnitude larger than that of
the z-lepton, the z-lepton Earth emergence probability is
lower than that of the muon until energies around 10'8 eV,
with large difference at lower energies (where energy losses
become less significant): at PeV energies the z-lepton
emergency probability is a factor 600 below that of muons,
as seen in Fig. 1.

For energies larger than 10'® eV and small Earth
emergence angles, muons and z-leptons have more or
less equal emergence probabilities, where the dominant
scale becomes the neutrino interaction length. For high
energies and large emergence angles, we might expect the
same behavior, but we must account for neutrino regen-
eration v, — £ — v,. This occurs when the energy of a v,
from a lepton decay is high enough to enable a reinter-
action deeper in the Earth. For z-leptons, this is a
significant effect, because a high-energy z-lepton has a
strong chance of decaying due to its short lifetime.
However, the effect is negligible for muons, as the energy
losses are so significant and the decay time so long, that a
v, from a muon decay has low energy and a negligible
chance of re-interaction.

For the same reasoning, we expect to see the energy
distribution of emerging muons to be more strongly
spread than z-leptons, given an identical input of neutrino
fluxes. In Fig. 2, we plot the energy distributions of
emerging 7-leptons and muons with Earth emergence
angle of 1°, to demonstrate both this behavior and the
effect of differing emergence probabilities. In the upper
panel of Fig. 2, we simulate 10® neutrinos with 1 PeV
energy, and in the lower panel we simulate 10° neutrinos
with 100 PeV energy. The energy distribution of the
emerging muons is fairly uniformly spread from the
primary neutrino energy down to 10'2 eV, where muons
begin to rapidly lose energy and decay, regardless of the
primary v, energy or emergence angle. From the lower
panel of Fig. 2, it follows that, due to the amplified
emergence probability, there may still be a comparable
number of high-energy muons emerging from the Earth
compared to z-leptons, even accounting for the increased
energy losses. As a subdominant process, we also expect
a muon flux from z-lepton decays inside the Earth.
However, we ignore this effect in the results presented
in the present paper.
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FIG. 2. Upper panel: energy distribution of emergent z-leptons
from v, (blue histograms) and muons from v, (orange histograms)
produced by a mono-energetic flux of 10® neutrinos with energy
10" eV and an Earth emergence angle of 1°. Lower panel: the same
as in upper panel with a flux of 10° neutrinos with 10'7 eV energy.
Note the small number of tau leptons in the 1 PeV distribution.

III. UPWARD EXTENSIVE AIR SHOWER
MODELING

A. Tau-lepton contribution

7-leptons have low ionization and radiative energy losses
and a short lifetime compared to muons, thus z-lepton
initiated EASs occur virtually completely via z-lepton
decay, rather than interaction in the atmosphere. z-leptons
are the only leptons massive enough to decay into hadrons
via the weak interaction, which gives rise to a rich decay
phenomenology with many channels [78]. We do not
need to list here all the decay channels, but we may
classify them into three distinct branches and list their
respective probabilities:

(i) ¥ — hadrons + v, (7,) ~ 64.79%

(i) «F - eT +0,(v,) + 1,(0,) % 17.82%

(i) 7% = uT +0,(v,) +v.(;) # 17.39%
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FIG. 3. Fractional energy distribution of a relativistic z-lepton

decay with negative polarization. The hadronic channel is the
sum of the fractional energies of all hadrons in a given decay.
These values are calculated using 100,000 PYTHIA z-lepton
decays [76].

Additionally, a large fraction of the primary r-lepton
energy is distributed to the decay products. Therefore, the
high-energy decay products may produce conventional
EASs after propagation through the Earth. The fractional
energy distribution of a relativistic z-lepton decay is shown
in Fig. 3. All sampling is done on z-leptons with negative
polarization to account for the production by the parent
neutrino. This distribution can also be used to sample the
decay products from a positively polarized anti-z-lepton,
coming from parent antineutrinos because antiparticles of
the opposite polarization have the same decay spectrum.
The average fractional energy carried by hadrons is 58%
of the primary z-lepton energy while 42% is the average
fractional energy that goes into leptons (muons and
electrons) via the 3-body decays. At EeV-scale and above
energies, the tau can decay deep in the atmosphere, with the
average decay length given by 4.9 km(E,/10'7 eV).

B. Muon contribution

There are two ways that muons with energies above
100 TeV can be produced and begin propagating in the
atmosphere. Either a muon neutrino interacts close
enough to the Earth surface to emerge as a muon or
the muon is produced by the decay of a z-lepton resulting
from tau neutrino interaction in the Earth, the latter case
occurring with the branching ratio listed above. Here, we
distinguish these two cases as primary and secondary
muons respectively.

Muons have largely been neglected in calculations of
upward-going EASs due to their relatively low interaction
cross section and ionization yields in air [79]. However,
much of the work done on this subject looks only at the
average losses for the muon which excludes the possibility

of large one-time energy depositions in the atmosphere
along the muon track. Similarly, the case of muons from
muon neutrino interaction inside the Earth usually is not
considered under the assumption that the large energy
losses in Earth (compared to the 7-lepton) will result in too
low energy muons to provide a sufficiently bright EAS
while also restricting the volume of the target for v,
interactions. That is to say, in general, muon interactions
in air have not been treated as an important process in air
shower physics, as the average muon energy is not high
enough to trigger any substantial subshowers that may rival
the primary electromagnetic cascade of the same energy.

During propagation in the atmosphere, a high-energy
muon will undergo ionization and radiative energy losses.
The radiative losses are capable of depositing a substantial
fraction of the muon energy into a single interaction,
which may trigger a conventional, electromagnetic par-
ticle cascade. We consider three main processes for muon
interaction in the atmosphere: bremsstrahlung emission,
photonuclear interactions, and electron-positron pair pro-
duction. Bremsstrahlung interactions of muons occur on
both nuclei and electrons of air molecules, whereby a
high-energy gamma is radiated. Photonuclear interactions
occur when a muon interacts with a nucleus or nucleon,
through a virtual photon exchange with large four
momentum transferred (deep inelastic scattering), result-
ing in the release of high-energy hadrons. Pair production
occurs when a virtual photon emitted by the muon in
the external field of a nucleus is energetic enough to
spontaneously generate high energy -electron-positron
pairs. We ignore the possibility of muon decay, as the

E

decay length of a muon is 6.25 x 10°(7+) km, compared

to O(10® km) of the maximum path length through the
Earth’s atmosphere from ground. The differential muon
cross sections we consider are shown in Fig. 4 and taken
from [74,77,80].

To get a sense of scale for these processes, we calculate
the interaction length as a function of the fractional energy
deposition, given by:

1

X = 1
int N Ul% ( )
where v = E/E, and N is the number of targets in one
gram of air. From Eq. (1), it is simple to calculate the
cumulative muon interaction probability as a function of
the atmospheric slant depth X, given by Py, (X) =
1 — ¢ X/Xi, The muon interaction length as a function
of the fractional energy and the cumulative interaction
probability for 100 PeV muons as a function of the
atmospheric slant depth are shown in Figs. 5 and 6

respectively.
Figure 6 shows that roughly 22% of 100 PeV muons may
begin an electromagnetic particle cascade with 10 PeV
energy or larger inside a full (Earth emergence angle 0°)
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FIG. 4. Muon differential cross sections for nuclear and
electronic bremsstrahlung [77], electron-positron pair production
74]], and photonuclear interactions (we show the two primary
models as described by [74,80]) as a function of fractional energy
deposition for a 100 PeV muon in air.

atmosphere. This is consistent with Monte Carlo simula-
tions of muon induced air showers we have performed with
CORSIKA (see next section) [81,82]. This result indicates
that high-energy muons, whether they come from muon or
tau neutrino interactions in the Earth, have a non-negligible
chance to interact in the atmosphere and initiate conven-
tional electromagnetic EASs of significant brightness.
On average, particle cascades induced by muon inter-
actions start fairly deep in the atmosphere due to the low
interaction cross sections. Indeed, given the long muon
decay paths at high-energy, muons can initiate electromag-
netic sub-showers along their entire trajectory, initiating
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FIG. 5. Muon-air interaction lengths as a function of the
fractional energy deposition v = E/E, for various muon energies
as labelled. Note that a full atmosphere ranges from 1030%
(perfectly vertical) to 34000% (perfectly horizontal).
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FIG. 6. Cumulative 100 PeV muon-air interaction probability
as a function of atmospheric depth for various fractional energy
depositions. Dashed lines correspond to maximum depth of the

Earth atmosphere for emergence angles 30°, 20°, 10°, 5°, 1°, and
0° (perfectly horizontal).

high-altitude EAS’s such that a suborbital instrument may
be situated inside the development of the particle cascade
itself. Concerning the Cherenkov emission of the cas-
cade, the high-altitude EAS leads to strongly reduced
atmospheric attenuation and a more focused Cherenkov
cone. This also implies that the near-field effects of
viewing the optical Cherenkov signal from close by
EAS can be important. Moreover, the Cherenkov emis-
sion intensity from muon induced showers can mimic the
brightness of much higher energy tau lepton induced
showers occurring lower in atmosphere. For these rea-
sons, we consider muons as an additional channel of
Cherenkov light generation.

Finally, we do not consider electron neutrino interaction
in the Earth as an upward-moving EAS signal source,
because the produced electrons suffer high-energy losses
inside the Earth being practically completely absorbed.

C. Particle cascades and extensive air showers

In order to describe the longitudinal development of
EAS in the atmosphere, we have chosen to use a full
Monte Carlo simulation and compared the results to a
phenomenological parametrization. We have simulated
particle profiles in the EAS using a slightly modified
version of the CORSIKA-75600 [81] computation scheme,
which was properly modified to account for upward
moving showers [83]. Our CORSIKA executable was com-
piled with the hadronic interaction model QGSJETII-04
[84,85] at high-energy, i.e., larger than 80 GeV in the lab
frame, and the GHEISHA 2002d [86] low energy inter-
action model, at energies below 80 GeV in the lab frame.
The computation scheme we used encompasses the options
for thinning (with thinning ratio € = 107, and maximum
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weighting factor W = 100 for primary energies above
10'7 eV, and no thinning below), slant depth (such that
the longitudinal profile is computed as a function of the
total depth through the atmosphere, and not as a function
of altitude), curved atmosphere and upward geometry of
the showers.

The model of atmosphere used in our computations,
embedded in the CORSIKA code, is the 1976 US standard
atmosphere [87]. The longitudinal profiles as a function
of slant depth are generated starting at ground with 0°
Earth-emergence angle (perfectly horizontal) and later
shifted according to the atmospheric depth profile taking
into account the particle trajectory angle and the decay
length for z-leptons (interaction length for muons). This
assumes that longitudinal development of upward showers
is independent of the shower trajectory angle and starting
position in the atmosphere. To a large degree, this is a
fair assumption, with the main difference resulting from
the competing processes of decay and interaction of the
high-energy hadrons which fuel the shower development.
The decay length of a charged pion is given by
56 km(E,/TeV), to be compared with the interaction
length in air that diminish with increasing pion energy,
being around 108 g cm™2 for 1 TeV pions [88]. At sea level,
the corresponding interaction length is 0.87 km, increasing
to 59.79 km at 30 km altitude (the highest starting altitude
we simulate). This indicates that the longitudinal shower
development is dominated by pion interactions and our
approximation is valid as the pion energy exceeds roughly
1 TeV, which is a condition extensively realized in our
simulations.

Using a Monte Carlo approach rather than a shower
parametrization has several advantages for modeling the
longitudinal development of upward-moving EASs. First,
to our knowledge, all common shower parametrizations
were developed to describe downward-going EAS’s. While
describing the longitudinal profiles in terms of slant depth
should be fairly accurate in the description of upward-
moving EASs, there could be differences especially late in
shower ages due to the difference in upgoing versus
downgoing trajectories in an exponential atmosphere,
especially in terms of the hadronic interaction/decay argu-
ment discussed above. The modeling of the particle content
at late shower ages (large atmospheric depths) can strongly
influence the Cherenkov generation and may have
increased geometric acceptance due to observing the
EAS from close range. A comparison between 100 PeV
proton showers simulated in CORSIKA and the correspond-
ing Gaisser-Hillas fit and the Greisen EM shower para-
metrization [88] in Fig. 7 shows strong disagreement at late
shower ages.

We have generated EAS longitudinal particles profiles
for z-lepton, proton, and gamma initiated showers at
energies ranging from 1 PeV to 10 EeV to study the
shower properties of each primary and quantify the

108 —=
> N —— CORSIKA (single)
—— CORSIKA (average)
107 4 —-— GH Best Fit

-=-- Greisen

106 4

105 4

1041 4

Charged Particles

103 <

10? »', T T T Ay T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Shower Age s

FIG. 7. Electron-Positron longitudinal profile as a function of
shower age for an upwards 100 PeV proton shower as simulated
in CORSIKA and fit with appropriate Gaisser-Hillas parameters
(assuming fixed 1) compared to the Greisen parametrization for
an electromagnetic shower [88].

approximation of a z-lepton induced shower as a proton
induced shower of comparable energy. When a Gaisser-
Hillas profile fit is made to both the longitudinal profiles of
7-lepton induced showers and proton induced showers
(with primary energy sampled from PYTHIA decays), the
profile parameters are in quite good agreement, justifying
this approximation [82].

Concerning the phenomenology associated to muon-
initiated EASs, we generated muon EAS profiles in the
same energy range as tz-leptons to check our analytic
approach for muon energy losses in air, and found good
agreement [82]. However, for the main work presented
here, we used the CORSIKA Monte Carlo code to simulate
1000 longitudinal profiles generated by 100 PeV proton
air showers and appropriately scale the average of these
showers to represent the EASs produced via z-lepton or
muons. This captures the average behavior of a proton
induced EAS well, but notably lacks inherent shower to
shower fluctuations in starting point, which can become
important at high altitudes, and deserves a future study.
For muon induced showers, it could be argued that the
longitudinal profiles of electron or gamma induced
showers should be used (which can yield a ~25%
increase in charged particle content than proton induced
showers). However, the dominant channel at high muon
energies and high fractional energy deposition (see
Fig. 4) is through photo-nuclear interactions. For this
reason, the final state which forms the EAS for both
z-lepton and muon initiated showers both include
hadrons. Therefore, the approximation of using a proton-
initiated EAS still provides a better description and
we took a conservative approach always using this
approximation.
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D. Atmospheric model

The model we use for air density as a function of altitude
is the same as that used in the CORSIKA simulation [81,87],
which is described by:

be=i/cif 7 <100 km
) ={ @)

b if z> 100 km

c

with parameters b and ¢ for US Standard Atmosphere
given by:

z(km) b(g/em?) c(cm)
04 1222.6562 994186.38
4-10 1144.9069 878153.55
1040 1305.5948 636143.04
40-100 540.1778 772170.16
100-112 1 1 x10°
Slant depth is calculated via:
Z
X = / p(z)dl
0
Z+R
dl £ dz (3)

B V/R%:cos?0y + 2% + 22Rg

where d! is the path length through the curved atmosphere,
R is the spherical Earth’s radius, and 6,, is the trajectory
angle (respect to the Earth normal or 7 minus the Earth
emergence angle, see Fig. 20). An analytical integral is
difficult to evaluate, so an interpolation table between z, [,
and X, is calculated numerically with steps in X of
0.01 g/cm? to perform calculations between shower devel-
opment as a function of X, and atmospheric properties,
which are functions of z.

Similarly, we use the index of refraction as a
function of altitude and wavelength as given in
CORSIKA [89-91]:

n(z) =1+ 0.28310_3&

p(0)

ny(z) =1+ (n(z) = 1) <0.967 +0.033 <1?1?1?1)> 2'5)

4)

where p(z) is the air density taken from the US standard
atmosphere. The variation in the refraction index as a
function of the wavelength is small within our relevant
Cherenkov range, from here on defined to be in the interval
from 270 nm to 1000 nm, as shown in Fig. 8. Therefore,
in this work, we ignore the wavelength dependence of
the index of refraction and use nyspny,(z) for all future
calculations.

Atmospheric extinction in the wavelength range 270 nm
to 4 ym and altitude range O km to 50 km is given in

10-3
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FIG. 8. Index of refraction (n-1) as a function of altitude for

wavelengths 270 nm to 1000 nm. Because the difference is small
in this wavelength range, dispersion effects are ignored.

[92,93] where the attenuation coefficient (given by
a(z,4) = 6(A) - p(z) - Nayo/Mair) is provided for the
Rayleigh, aerosol and ozone components both as analytical
approximations and tabulated data in 1 km increments.
Atmospheric transmission is calculated via:

T(Z’ /1) _ /zdeleclor a(z’ A)dl
z
Tr(z,4) = e7*4 (5)

where dl is spaced in 10 m increments in the inherent
spherical geometry of our coordinate system. We calculate
optical depth using a 2-dimensional (wavelength and
altitude) cubic interpolation on the tabulated data for the
total scattering attenuation coefficient. Above 50 km alti-
tude, we use the analytical cross section for Rayleigh
scattering as an approximation for the total attenuation
coefficient, given by:

]7,'3 n 2 _ 2
) =2 (M) B ©

where N is the number density of air. In the case of air and
the wavelength range relevant to us, F;(4) is approximated
as a constant 1.0608 [94]. The maximum optical depth
(z(A)[Z=0 ™) as a function of wavelength for different
trajectories is shown in Fig. 9. The ozone component of the
atmosphere effectively attenuates light generated below
300 nm wavelengths.
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FIG.9. Maximum optical depth as a function of wavelength for
different trajectory angles (where 90° corresponds to horizontal
and 0° corresponds to perfectly vertical).

E. Optical Cherenkov light generation

Charged particles in the shower generate Cherenkov
photons while their energy is above the Cherenkov thresh-
old, given by:

1
f > ——or, rearranging :
n(z)
m

E > Ethr = (7)
n(z)?

where n(z) is the atmosphere’s refraction index as function
of the altitude (see Fig. 8) and m the charge-particle mass.

The Cherenkov threshold energy is significantly larger
for muons and hadrons than it is for e*, as it scales with
the particle mass. Additionally, the content of a cascade
initiated by a proton, gamma, or e* is much more heavily
composed of e* than other charged particles. For these
reasons, we consider only the electron and positron
component of the shower when calculating the
Cherenkov emission, as the emission from other charged
particle species is often subdominant [88]. Whereas the
particle content of the shower is computed with CORSIKA
Monte Carlo simulations, we use shower parametrizations
to model electron energy, angular and lateral distributions
during the shower development. Although the parametri-
zations are given as function of shower age, which is
independent of shower orientation, we note that these
parametrizations are originally formulated only for down-
ward going showers where Coulomb scattering is the
dominant process forming the e® angular distributions
and, as such, could show some deviations from the case of
upward going showers. These deviations are expected to be
small and in the present paper we will not touch this point.

The fraction of electrons and positrons above energy E
(expressed in MeV) in a given air shower as a function of
shower age s (s = 3/[1 + 2(Xpna/X)]) is given in [95] as
follows:

0.89E, — 1.2\ %
T(E)=|————=) (1+107*sE)2
® = (o)« )

{44 —17(s — 1.46)2, if s > 0.4
Eo -

. (8)
26, otherwise

T(E) is plotted in figure 10 for s = 0.2 to s = 2.0.

From our average longitudinal profile as computed with
CORSIKA, we sample particle content in the shower in
steps of 10 g/cm? (or in 500 bins minimum, if the total
grammage between the shower starting point and the
detector is less than 5000 g/cm?) and calculate the corre-
sponding altitudes and local Cherenkov threshold energy.
For each bin in depth, we then divide the number of
charged particles into 30 bins in energy from the local
Cherenkov threshold up to 107 MeV, spaced logarithmi-
cally. This upper limit was chosen so that even at extremely
low shower ages (s = 0.05), we ensure that over 99.99% of
the electron content is captured, regardless of the primary
energy. The Cherenkov emission is calculated for 100
wavelength bins from 270 nm up to 1000 nm. From this,
the number of Cherenkov photons generated in a gram-
mage step dX per unit wavelength dA and energy dIn E is
given by:

dN,s, N, dT(E) 1 1
E dXd/Ic}JlE ~p(z) dinE [2”072 <1 - (ﬂn(Z))z)] ®)

where N = is the number of eT in dX, a is the fine structure
constant and p(z) is the air density. To calculate the effects
of atmospheric extinction, we multiply by the transmission

10-1 4

102 4

Fraction of electrons with E, >E
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1(')2 1(')3 104
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r

FIG. 10. Fraction of e® above energy E for various shower
ages, as parametrized in [95].
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function Tr(z,4) defined in Eq. (5). Cherenkov photons
are emitted in a ring with Cherenkov emission angle
O, = cos™'(1/pn) around the charged particle’s trajectory.
Since we use a fixed wavelength index of refraction n450 ym»
04 is a function only of electron energy and altitude.
Thereby, we now integrate over wavelength to improve
computational efficiency. Electrons in the shower propa-
gate with an angular spectrum dependent on electron
energy and minimally on shower age. For this, we use
the Hillas parametrization [95], which gives the electron
angular distribution in a universal form as follows:

= = Ae~=%)/4  where
du
. {0.777, if E <350 MeV
1318, if E > 350 MeV
0.59, if E < 350 MeV
0= {0.37, if E> 350 MeV
0478, ifz<z, and E <350 MeV
0380, if z>z, and E <350 MeV
= { 0413, ifz<z, and E > 350 MeV (10)
0380, if z>z, and E > 350 MeV
where
z=u
- w
T

w=2(1-cos8)(E/21 MeV)?)

(w) = 0.0054E(1 + v)/(1 + 13v + 8.30?)
v=E/E,

E, = (1150 + 4541n(s)) (MeV)

The standard form is fairly complicated, but it is useful
to note that % o 9  ¢(—60/6,(E)) where the scale angle
6y is a function of the electron energy as discussed
in [95].

Due to multiple scattering effects, higher energy elec-
trons are distributed close to the shower propagation
axis, whereas lower energy electrons have a larger angular
spread. In Fig. 11, we plot % as a function of the angle off
shower axis € for electron energies from 1 MeV up to
1 GeV at a shower age s = 1.0. It is helpful to qualitatively
predict the behavior of the Cherenkov signal, so we plot the
average scale angle (calculated using the average electron
energy at a given shower age) as a function of shower age
for a given CORSIKA profile against the local Cherenkov
angle for shower starting altitudes O km to 20 km in Fig. 12.

For lower altitude shower development, the scale angle
of the electron distribution and the local Cherenkov angle

103
— Hillas
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FIG. 11. Normalized angular distributions of electrons as a
function of the angle off shower axis for electron energies from
1 MeV to 1 GeV for shower age s = 1.0. As parametrized by
Hillas [95] and Lafebre [96]. The former is used for the work
presented in this paper.

compete near shower maximum s = 1.0. However, for
showers initiated at higher altitudes, the electron scale
angle begins to dominate the shower behavior. Thus, for
EAS which develop deep (higher altitude for upward-going
EASs) in the atmosphere, we expect them to lose features
from the Cherenkov ring and to more closely follow the
exponential behavior of the underlying electron angular
distribution. In general, for higher altitude shower develop-
ment, both angular scales are small, resulting in a more
focused Cherenkov light distribution overall. We also
include the effects of the lateral distribution of electrons
in a shower as discussed in [96] and given by:

3.0 ,
— 0Okm 12km o)
et
— 2km 14km Ty l| 0
»A’ fu\ N thy 1
25t — 4km — 16km / .H R
——  6km — 18km ,’I I.‘r‘;:: ;%HI' m :5. ltW
skm  — 20km| ' g M
20[  106m ; TR
I
I

6 (degrees)
=
w

g
o

1.0 15
Shower Age

2.5

FIG. 12. Average electron scale angle (dashed) versus local
Cherenkov angle as a function of shower age for a 100 PeV
proton shower with 10° Earth emergence angle initiated at the
listed altitudes.
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dn L )
_— = $o (%! Z
dnEdine - O )
x} = 0.859 — 0.0461In’E + 0.00428InE
¢, = 0.0263¢
¢y =¢,+ 134+ 0.1601n E — 0.0404In’E
+0.00276In°E

where () is the normalization constraint, = (X — X )/
Xo, X, being 36.7 g/cm?, the air radiation length of
electrons, and x = r/r,, with r,, the Moliere radius given
by 9.6 gcm™2/p(z) [96]. We plot both the lateral distri-
bution as given in [96] for the electron energy range
(1 MeV, 1 GeV) at shower maximum and the Moliere
radius as a function of altitude in Figs. 13 and 14,
respectively, to quantify the scale of this process.

The characteristic length scale for the Cherenkov signal
transverse width from an upward-moving EAS air shower
initiated at sea level is h x tan(@,;,), where £ is the altitude
of the detector and 6., the Cherenkov angle introduced
before, which is 1.4° at sea level. In the cases we are
interested in: POEMMA and EUSO-SPB2, the altitudes
are respectively & = 535 km and /& = 33 km. Therefore,
the characteristic Cherenkov length scale will be O(10 km)
in the case of POEMMA and O(1 km) in the case of
EUSO-SPB2.

The lateral distribution of electrons becomes a relevant
process when the lateral scale r competes with the
Cherenkov length scale, which more readily occurs for
high altitudes and low electron energies. For a space based
instrument, this process is largely negligible, as the Moliere
radius is larger than 10 km only above 30 km altitude,
where Cherenkov generation is minimal. For a balloon
based instrument, however, the lateral spreading of elec-
trons is a prominent effect for two reasons: the Moliere
radius approaches the Cherenkov scale at lower altitudes
where shower development is ongoing, and the detector can
be located within the developing shower, for EAS initiated
at higher altitudes, e.g., EeV-scale z-lepton decay or muon
interaction, where the lateral distribution becomes the
dominant effect on the spatial distribution of Cherenkov
photons.

To consider the effects of the angular and lateral electron
distributions as described above, we sample 200 bins of u
(see equation (10)) from 107* to 1 using logarithmic
sampling, and calculate dN,/dIn EdXdu and the corre-
sponding zenith angle off shower axis according to
Eq. (10). Using the zenith angle, the local distance to
detector plane, and the Cherenkov angle, the Cherenkov
ring is projected onto an ellipse in 500 angular bins. To save
on computational time and complexity, we do not model
the entire lateral distribution to describe the behavior of the
shower. Instead, the coordinates of each point on the ellipse

10—1 4
10—2 J
10-3 4
g 10744
i) E. = 10°°MeV
S 1054 — E. =10°5Mev
—— E.=10MeV
10-6 J
E. = 10}5MeV
10-7 4 E. = 102°MeV
—— E.=1025MeV
-8 J
107 E = 10%°Mev
10-3 10-2 10! 100 10t 102
X="Ilrm
FIG. 13. Normalized electron lateral distributions for electron

energies 1 MeV to 1 GeV at shower maximum.

are shifted by a randomly sampled angle ¢, and displace-
ment r, sampled from the lateral distribution of a given
electron energy, shower age, and the local Moliere radius.
To account for azimuthal symmetry of the shower, the
distance from shower axis is calculated for each bin
coordinate and randomly rotated about the shower axis.

The photons are spatially sampled on the detector plane
and integrated in X, InE and u to yield the spatial
distribution of the Cherenkov signal from the shower. A
modified version of CORSIKA-75600 was developed to
produce the optical Cherenkov emission from an upward
going air shower in a flat atmosphere [83]. For most of the
geometries we simulate, we cannot reliably approximate
the atmosphere as flat, but for a perfectly vertical air
shower, our results agree quite well with the CORSIKA
results, as shown in figure 15.

102 A

10t 4

Im (km)

1009 4
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0 10 20 30 40 50
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FIG. 14. Moliere radius as a function of altitude for the standard
US atmosphere.
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FIG. 15. Cherenkov spatial distributions for an upward (90°
Earth emergence angle) 10 TeV proton shower as observed at
400 km altitude, with A range 300 nm to 450 nm, simulated with
CORSIKA [upper panel] and this work [lower panel]. Color bar
represents N,/ m? and is scaled by % to decrease computation
time in CORSIKA for projecting photons from top of the atmos-
phere to 400 km. CORSIKA run provided by F. Bisconti.

In figure 16, we plot the Cherenkov spatial distributions
for the showers plotted in figure 12 as observed by
POEMMA (h = 525 km) and EUSO-SPB2 (4 = 33 km)
to qualitatively describe features of these signals. As
expected, the Cherenkov light pool for POEMMA has a
lateral scale O(10 km) and that of EUSO-SPB2 has
O(1 km). The difference in geometry alone leads to an
O(100) difference in central photon intensity between the
two, which can best be observed by comparing the showers
with 0 km starting altitude. With increasing shower starting
altitude, the spatial extent of the showers shrinks, and the
characteristic Cherenkov “horns” diminish, due to the
decreasing Cherenkov angle and electron scale angle as
described above.
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FIG. 16. Cherenkov spatial distributions for an upward
100 PeV proton air shower at 10° Earth emergence angle for
starting altitudes from O km to 22 km, as observed by a space
based instrument at 525 km [upper panel] and a balloon based
instrument at 33 km [lower panel]. The spatial distribution for the
balloon based instrument is plotted in logarithmic scale to better
demonstrate the differences between the curves.

With increasing starting altitude, showers experience
forward beaming and decreased atmospheric attenuation,
mainly from minimizing the effects of aerosol attenuation,
leading to great increases in photon intensity. Above 15 km
starting altitude, photon intensity begins to decrease due
to the suppression of Cherenkov photon generation from
the increased Cherenkov threshold. We also note the very
large disparity in Cherenkov intensity between low and
high altitude showers observed from balloon altitudes due
to primarily near-field effects which are absent from the
Cherenkov spatial profiles observed at low-Earth orbit and
higher altitudes.

F. 1D shower modeling

The computation of the three dimensional Cherenkov
emission produced by a single shower takes a significant
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amount of computational resources. It is thus useful to
model the three dimensional output of the Cherenkov
spatial light profile analytically using a one dimensional
profile of the Cherenkov photon density (in photons
per m?) as a function of 6, the angle off shower axis as
measured from the ground, as follows:

Po 0 <O
Peh = Po(gl;])_ﬂ On <0 <6, (12)
21 e—(lg—é‘])/é}z 2] Z 91

Where the free parameters are p,, the central Cherenkov
intensity in photons/m?, 6, the angle within which the
Cherenkov spatial distribution is approximated as flat,
which corresponds well to the Cherenkov angle at X,
projected from ground, S, the power law index describing
the behavior of the tails close to the shower axis, 8, the
transition angle from power law to exponential behavior,
and 6,, the exponential scale of the tails far off shower
axis. p; is calculated such that the function remains
continuous between the last 2 regions, and is not a free
parameter. For a given shower geometry (trajectory angle
and shower starting altitude), we perform a least squares
fit to the Cherenkov spatial distribution with the 5
parameter fit described above. The results of the fits
are shown in Fig. 17 for a 100 PeV proton shower with
Earth emergence angle 10° and starting altitudes 0 km and
17 km. The flat-top fit to the distribution provides an
effective average close to the shower axis, while accu-
rately modeling the tails of the distribution out to very
large angles off of shower axis.

Previous attempts to fit the Cherenkov spatial distribu-
tion used solely power law or exponential models to
describe the off axis behavior, but this results in large
overestimates and underestimates, respectively. This com-
bined fit presented in Fig. 17 describes the Cherenkov
photon distribution quite well, even out to very large angles
off shower axis, which becomes important for showers with
very large primary energies.

To generate a large parameter space on which to
sample, we simulate showers with starting altitudes from
0 km to 25 km in 0.5 km increments, and Earth emergence
angles from 0.1° to 50° in 2° increments. In Figs. 18
and 19, we plot the three dominant parameters of the fit
(the central intensity p, the effective Cherenkov width
0.1, and the log scale g, which describe the shape of the
distribution close to the axis) to the Cherenkov spatial
distribution for a space based instrument and a balloon
based instrument. The relative intensity of the Cherenkov
signal for a 100 PeV upward going EAS is roughly 3
orders of magnitude larger for a balloon based instrument
than a space based instrument. The difference in inten-
sities can be reasonably approximated as the ratio of

(LL‘—:)2 (where L here is the path length from X, to
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FIG. 17. Upper panel: Cherenkov light distribution for 100 PeV
proton shower with 10° Earth emergence angle initiated at 0 km
altitude as seen by POEMMA, with profile fits described in
the text. Vertical lines show the transition from constant to power
law to exponential behaviors. Lower panel: Shower initiated at
17 km altitude.

observation), but breaks down when L is of the same
magnitude as r,, the Moliere radius, which occurs for
balloon based instruments, making them more sensitive
to near-field effects.

The effective Cherenkov angle 6, and the scale f of
the Cherenkov spatial profile decrease and increase,
respectively, with increasing starting altitude, resulting
in a very narrow, steeply falling distribution. However,
for very high starting altitudes (z > 20 km), we begin
to see the opposite behavior, that is, a slight rebound in
0., and a decrease in . These are the effects of the
electron lateral distribution, which result in a more
spatially spread signal. As expected, the effects of
the lateral distribution become important earlier for
balloon-based altitudes, as an instrument observing at
these altitudes can often be inside the active shower
development.
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FIG. 18. Parameter fits to the Cherenkov spatial distribution
from a 100 PeV upward proton shower initiated at starting
altitudes 0 km to 25 km and Earth emergence angles 0° to 50°
as observed by a space based instrument at 525 km altitude. Plots
are central intensity p, [upper panel], central width 6, [middle
panel], and power law scale f [lower panel] using the 5 parameter
fit model described in the text.
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FIG. 19. Parameter fits to the Cherenkov spatial distribution
from a 100 PeV upward proton shower initiated at starting
altitudes 0 km to 25 km and Earth emergence angles 0° to 50°
as observed by a balloon based instrument at 33 km altitude. Plots
are central intensity p, [upper panel], central width 6, [middle
panel], and power law scale 3 [lower panel] using the 5 parameter
fit model described in the text.
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IV. APERTURE AND SENSITIVITY

A. Geometric aperture

The geometry of an upward EAS produced by the decay
(r-lepton) or interaction (muon) at the Earth surface is
sketched in Fig. 20. The distances /4, L, R are the altitude
of the detector, the path length from the emission point to
the detector, and the Earth’s radius. The three angles 65, 6,
and Oy, related as 8; = 05 — O, are respectively: the angle
of the detector’s line of sight (respect to the local zenith),
the detector’s viewing angle and the Earth viewing angle.
The angle ¢ is the critical angle within which the Cherenkov
emission from the EAS can trigger the instrument and the
angle A is the angular displacement between the shower
direction and the detector’s line of sight. The Earth
emergence angle is given by 6y, =7 — 0, being 0, the
angle between the local zenith and the shower direction
(see Fig. 20).

To calculate the geometric aperture of orbital or sub-
orbital detectors, we refer to the general discussion pre-
sented in [97]. Using the conventions highlighted in
Fig. 20, the geometric aperture to detect upward going
showers is given by:

= / / P 7 idSdQ e
AS JAQue

s /A ) /A  Pa(E O (13
E ‘det

Detector
q

FIG. 20. Geometry of a neutrino induced upward going air
shower as observed by a detector at altitude h (see text for
details).

where P (E,,6,) is the combined neutrino emergence
probability, lepton decay probability and decay channel
probability, 2 corresponds to the Earth normal and 7 to
the shower trajectory, AS = RZAQy is the area of the
spherical zone on ground visible to the detector and AQ
is the solid angle of detection of the Cherenkov emission.
Using the coordinate system in which the detector line
of sight (L in Fig. 20) points in the Z direction and the
Earth normal 7 lies in the $Z plane, we can rewrite the
scalar product 7 -7 = cosfscos A + sinfgsinAsing,
and dQge = d(cos A)d¢,, being ¢, the azimuth angle
of the EAS’s trajectory around Z. Integrating over the
azimuth angle ¢, and retaining only the (dominant)
emission probability along the detector’s line of sight
Pobs(E 9 ) = obs(EweS A) = Pobs<Ey79S)9 one has:

(AQ)(E,)

I
= 27ZR‘25/ / Py (E,,0,,) cosOgcos Ad(cos A)dQy
AQp Jcosd
= JTR%/ Py (E,,05) cosOg[1 — cos?8]dQp (14)
AQ;

where 6 = 6(0) is the maximum angle off shower axis at
which the Cherenkov spatial distribution is still observable
[see Eq. (16)] and cos Oy follows from the geometry (see
Fig. 20) as:

(Rg + h)cosOr — Rg
\/R Sln 9E+ RE+h RECOSQE]

cosfg =

The integration over dQg = d(cos 0g)d¢py should take
into account the observational limits of the detector, in both
the zenith 6; and azimuth ¢y angles. The integration over
¢r 1s straightforward and it gives:

AQUE,) = R}A G [ PaslE,.05(00)
x cos[0s(0g)]sin?[5(0g)] sin Oxdfr  (15)

where A¢grp is the range in the azimuth angle visible by the
detector. In the following we will consider the ideal case
A¢r = 2z and, taking into account the actual experimental
designs, the results are later scaled by the azimuth ranges of
A¢p = 30° and A¢gy = 12.8° for POEMMA and EUSO-
SPB2 respectively. Using the viewing angle ranges for A6,
of 7° below the Earth’s limb for POEMMA and 6.4° for
EUSO-SPB2 [37,51,52,64,66], the limits on @ in Eq. (15)
are calculated.

B. Monte Carlo methodology

To calculate §(@) for different primary neutrino ener-
gies, we developed a simple Monte Carlo code which
estimates the average optical Cherenkov signal for a given
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neutrino flux. For Earth emergence angles in the range
(0°,50°) in 2° increments and primary neutrino energies
between 1 PeV and 100 EeV in 0.1 decade increments, we
simulate 103 1D Cherenkov profiles for showers induced
by (1) hadrons and electrons from z-lepton decay, (2) sec-
ondary muons from z-lepton decay, (3) primary muons
from muon neutrinos interacting in the Earth. These signals
can then be used to calculate the sensitivity of the instru-
ments to an isotropic diffuse neutrino flux, and thereby
the expected neutrino event rate. We perform this process
for the proposed space-based POEMMA mission
(h = 525 km) and for the balloon-borne Cherenkov tele-
scope in EUSO-SPB2 (h =33 km) currently under
construction.

Kernel density estimation is used to generate a
3-dimensional probability distribution function from 100
discrete emerging lepton energies over the fractional energy
range (107°,1) for the neutrino energies E, and Earth
emergence angles f, simulated in NuTauSim [65]. Moreover,
for a given couple (E,,0y,), a 1-dimensional probability
distribution function is generated and sampled to determine
emerging lepton energies to start the propagation. An
example output of this 3-dimensional Kernel density
estimation for a 100 PeV 7z neutrino is shown in figure 21.

If the Earth-emergent particle is a z-lepton, the decay
length in the atmosphere is selected randomly from an
exponential distribution with mean 4.9 x (E,/10'7 eV)
km, and the starting altitude z; is found using the spherical
geometry for 6.

To account for the selection of the decay channels and
the possibility of decay outside the interaction range, the
event is given a probability weight I (1 — e™%/kd)
where L is the path length to a maximum predetermined

21 logio(Ev/eV) =17

20 -

17 et e e s e A T R A A A R TR T R T R TR e ey et

-
\
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15 1 -

logio(E-/eV)

14 T T
10! 10° 10!
Earth Emergence angle (Degrees)

FIG. 21. Emerging z-lepton energy distribution for a 10'7 eV
parent neutrino as a function of Earth emergence angle calculated
using 3-dimensional kernel density estimation. The center blue
line represents the mean z-lepton energy and the dash-dotted and
dotted lines represent the 1o and 2¢ deviations, respectively.

altitude (which we choose to set to 25 km as negligible EAS
development occurs above), I';- ., = 0.812 is the z-lepton
decay branching ratio into electrons and hadrons and L is
the average decay length of the z-lepton with sampled
energy E..

The fractional shower energy 7 is randomly sampled
from the PYTHIA distributions of a tau decay shown in
figure 2 and the effective shower energy Eg, = nE, is
calculated, where # is sampled from all decay channels
which result in either hadrons or electrons being emitted.
Using 6 and z, we interpolate the Cherenkov profile
parameters from figure 18 for POEMMA or 19 for EUSO-
SPB2, and scale the intensity to Eg,/10'7 eV.

If the EAS generating particle is a secondary muon from
z-lepton decay, the muon energy E, is sampled from the
muon decay channel from PYTHIA [76], with a probability
weight (branching ratio) I';, = 0.173. If the EAS is by an
Earth-emergent muon from a muon neutrino interaction,
the muon sampling is performed as discussed above, using
the results of the muon modification to NuTauSim [62]. The
total atmospheric slant depth X}, from the muon origin
point to 25 km altitude is calculated, and the corresponding
lower bound on the fractional energy # is found such that
Xior = 5X%, (99% of particles interact within 5 interaction
lengths), where X! is given by Eq. (1). The muon (either
from z-lepton decay or v, CC interaction) is propagated
through the atmosphere in steps of dX (sampled from an
exponential distribution with mean X;,) until exiting and,
at each step, the fractional energy # is sampled from the
differential muon cross sections. We use the differential
and integrated cross section of a 100 PeV muon for all of
our calculations, as the muon cross section is weakly
dependent on energy for E, > 1 TeV. The deposited
energy which begins an air shower Ey, = nE, is logged
and subtracted from the propagating muon energy. For
every interaction, the instantaneous altitude is calculated
and the Cherenkov profile parameters are interpolated and
scaled by Eg,/10'7 eV.

From the interpolated Cherenkov spatial distribution,
and given a photon detection threshold p,;, (the photon
density required to disentangle the Cherenkov signal from
the background—which is discussed further in the follow-
ing section), we then calculate the angle off axis 6 to which
the signal would still be observable for our instrument. J is
given by inverting the 1D Cherenkov model in Eq. (12):

0 Po = Pur
5= gch(%)_]/ﬁ P1 = Pur = Po (16)

0, 1“(%) +601 par S p1

where the scales 0, 0, 6,, and f are defined above [see
Eq. (12)], and p, is the central density of the one
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dimensional profile. For each (E,, 6,), we calculate the
average 8(6g) across all 10° thrown showers.

Note that for a muon initiated EAS with multiple
interactions along the muon trajectory, we track only the
spatial profile of the interaction which provides the largest
angle to which the instrument is sensitive. That is, we do
not calculate the superposition of spatial distributions from
multiple interactions of the muon, but only that from the
interaction which provides the largest signal at the detector.
This was found to have a minimal (<5%) effect on the
maximum observable angle from shower axis.

C. Event rate estimations

The photon detection threshold of the two experiments
we are concerned with is given by pg, = NBn (egA),
where € is the quantum efficiency for background photons
detection, A is the effective photon collecting area and N
is the minimum number of photo-electrons corresponding
to a fixed maximum rate of “false events” triggered by the
background (here fixed below 1072 per year).

As discussed in [66], integrating the signal into the
typical duration of a Cherenkov burst (20 ns), the reference
value N3 = 10 (40 for EUSO-SPB2) can be used as it
follows from the technical design of POEMMA and the
dark-sky air glow background model in the 300—1000 nm
range. This model, based on the VLTL/UVES measure-
ments [98,99] with the van Rhijn enhancement [100-102],
implies a quantum efficiency for the background detection
with €y = 0.2, assuming the same performances of the
Cherenkov signal detection [37,66]. The photon collecting
area of POEMMA and EUSO-SPB2 are respectively A =
2.5 m? and A = 1 m? and the threshold photon density p,,
will be respectively 20 photons/m? and 200 photons/m?.

To determine the geometric aperture (AQ)(E,) (where
the nominal 20% duty cycle of each instrument is not yet
applied) to an isotropic neutrino flux, we perform the
numerical integration of Eq. (15) over the spatial region
covered by the fields of view of POEMMA and EUSO-
SPB2. The angular parameter J is sampled from the
simulated Cherenkov showers, as before, using the detailed
fit to the 1D Cherenkov spatial distribution. The resulting
geometric aperture of POEMMA-like and EUSO-SPB2-
like instruments (unscaled by the proper azimuth ranges)
for the 3 detection channels as a function of primary
neutrino energy is shown in Fig. 22.

As expected, at low neutrino energies (<10 PeV)
EUSO-SPB2 is significantly more sensitive than
POEMMA due to the near-field geometric effects for
EAS observation from balloon altitudes that lead to a
relative brightening of dim signals. At higher energies,
the aperture of EUSO-SPB2 is roughly ~1/5 that of
POEMMA, even under the assumption that both have
27 azimuth ranges (the ratio becomes ~1/15 taking into
account the proper azimuth ranges). Additionally, we note
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FIG. 22. Geometric aperture as a function of primary neutrino
energy for the primary tau neutrino, primary and secondary muon
neutrino detection channels for POEMMA-360° [upper panel]
and EUSO-SPB2-360° [lower panel].

the effect of muon induced cascades which, at low energies,
is the dominant signal that allows for muon neutrino
detection. At high energies, the muon neutrino signal
becomes less significant with an acceptance that becomes
roughly ~1/5 that of the tau neutrino curve. The least
important detection channel for both instruments is that of
secondary muons coming from z-lepton decay. While the
showers from secondary muons can be equally as bright as
those from primary muons, for low neutrino energies, they
are not boosted by the improvement in z-lepton emergence
probability and, at high neutrino energies, the decay length
of the z-lepton limits the number of interactions the muon
can experience before departing the atmosphere.

The only detection channel that can be directly compared
with our results is that of the z-lepton decay into hadrons
and electrons, which has also been calculated in [66] where
the Cherenkov spatial distribution is fitted with a modified
Gaussian profile in angle. Using the same Gaussian fit in
angle to describe the Cherenkov photon spatial distribution,
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our curves are largely in agreement with [66]. However, if
we use the fit described in the text above, which models
better the tails of the spatial profile for high altitude shower
development, our calculated geometric aperture is larger
than the geometric aperture computed in [66] at neutrino
energies greater 10'® eV, with nearly an order of magnitude
increase at 10%° eV.

The detector sensitivity to neutrino fluxes is defined as
the minimum flux detectable by the instrument and, as
discussed in [66], it can be computed as:

2.44N,

N0, (AQ) (B, )

Foens (Eu) =

where N, = 3 is the number of neutrino flavors and the
numerical factor 2.44 is the number of neutrino events
(above threshold) required to be detected per decade in
energy to reach a confidence level larger than 90%
[103,104]. The total observation time 7, is estimated to
be 5 yr for the POEMMA mission and 100 d for the EUSO-
SPB2 mission, both with similar duty cycles of 20%.

The sensitivity curves for POEMMA and EUSO-SPB2
in the different neutrino detection channels (as labeled) are
shown in Fig. 23, with solid lines corresponding to an
azimuth range of 2z and the dashed lines to the actual
azimuth ranges of POEMMA and EUSO-SPB2. The
shaded areas in Fig. 23 correspond to the cosmogenic
neutrino flux, as computed in [7], produced by the
interaction of UHECR with astrophysical backgrounds.

The expected flux of cosmogenic neutrinos strongly
depends on the UHECR mass composition and on the
cosmological evolution of UHECR sources. In Fig. 23, red
shaded areas correspond to a pure proton composition of
UHECR while the purple areas correspond to the mixed
mass composition observed by Auger [53]. Different
choices of the cosmological evolution of UHECR sources
are also plotted in Fig. 23 with the (shaded) upper curve
corresponding to the cosmological evolution of active
galactic nuclei (AGN), the middle curve to the evolution
of the star formation rate (SFR) and the lower curve to the
case of no cosmological evolution (see [7] and references
therein).

As follows from Fig. 23, the EUSO-SPB2 and
POEMMA instruments are not suitable to detect the
cosmogenic neutrino flux, with sensitivity curves compa-
rable to current on-ground neutrino observatories only at
the highest energies. On the other hand, the POEMMA
instrument with an azimuth range of 2z shows a better
sensitivity (by roughly one order of magnitude) with
respect to on-ground observatories, even if it still remains
marginally sensitive only to the largest cosmogenic neu-
trino flux expected in the unlikely possibility of a pure
proton composition of UHECR.

In more general terms, the sensitivity of a POEMMA-
like detector is mainly dependent on the signal detection
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FIG. 23. Neutrino sensitivity scaled by neutrino energy squared
for POEMMA [upper panel] and EUSO-SPB2 [lower panel],
assuming duty cycle 20% and flight times of 5 y and 100 d,
respectively. Solid lines correspond to A¢y = 360° azimuthal
field of view while dashed lines correspond to A¢p = 30°
(POEMMA) and A¢y = 12.8° (EUSO-SPB2). The red and purple
shaded regions represent the cosmogenic neutrino flux expected
respectively in the case of a pure proton composition of UHECR
and in the case of the mixed composition observed by Auger [53].
Different neutrino fluxes correspond to different choices for
the cosmological evolution of the UHECR sources as discussed
in [7] (see text).

capabilities of the instrument which are fixed by the
minimum density of Cherenkov photons (the threshold
photon density py, in Eq. (16), given in photons/m?) that
can trigger the signal above the background. In Fig. 24,
we plot the total sensitivity curves, i.e., summed over all
detection channels, for a POEMMA-like instrument,
with 27 azimuth range, corresponding to three different
values for py,: the nominal case of POEMMA py,, = p§.
(blue solid line), the case with py, = p?hr/Z (orange
solid line) and the extremely optimistic case with one
order of magnitude improvement in detecting faint signals
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FIG. 24. Total sensitivity, summed over all detection channels
shown in Fig. 23, of a POEMMA like experiment with 2z
azimuth range and different choices for py,,.. The solid blue line is
the nominal case of the POEMMA design py,, = p,., while the
solid orange line corresponds to the case py, = p,/2 and the
solid green line corresponds to the case pg, = p3,/10.

Pir = P /10 (green solid line), where pQ s again
20y/m?. As expected, reducing py,, the sensitivity of the
detector increases more at low energies. This is due to the
increased probability of detecting dim showers not visible
if larger py,, are required to trigger on the signal. Note that
this pg,, scaling does not directly consider the effects of the
dark-sky background on the detectability of the Cherenkov
signal, but demonstrates the potential increase in sensitivity
if the effects of the background can be reduced.
The expected number of recorded events is given by:

N= / / (AQ)(E,)®(E, )dE,dt (18)

where ®(E,) is the flux of cosmogenic neutrinos, inte-
grated over the lifetime of the experiment and taking into
account its duty cycle.

TABLE I. Maximum integrated cosmogenic neutrino events in
the different detection channels for a POEMMA like mission with
2x azimuth range for different values of the minimum detectable
photon density: the POEMMA case py, = p3.. pir = p5,/2 and
Pihr = p?hr /10. A pure proton composition with SFR cosmologi-
cal evolution of sources is assumed. The corresponding cosmo-
genic neutrino fluxes are taken from [7].

Ve =T Ve = Uy = H
P 7.06 523 x 1072 3.05 x 107!
P2 14.46 1.20 x 107! 6.62 x 107!
p3./10 61.59 6.83 x 107! 3.51

TABLE II. As in Table I assuming the mixed mass composi-
tion of UHECR observed by Auger with AGN cosmological
evolution.

v, 7T U, —> U vy = u
5 2.07 x 107! 8.12x 107 1.54 x 1072
Poe/2 7.99 x 107! 2.82x 1073 6.31 x 1072
P9/ 10 8.86 3.28 x 1072 1.03

In Tables I and II, we give the expected number of
detected neutrino events in the energy range (1 PeV,
100 EeV), for a POEMMA instrument, with 27 azimuth
aperture, five years operating time and 20% duty cycle, in
the different channels of detection and for the three
different choices of py, of Fig. 24. The first table refers
to the case of a pure proton composition of UHECR while
the second to the mixed composition as observed by Auger.
For each UHECR composition model, we use the most
optimistic cosmogenic flux model which has not yet been
ruled out by current experiments. That is, for the pure
proton composition model: SFR evolution, and for the
mixed composition model: AGN evolution. The neutrino
flux models for the various cosmological evolutions are
taken from [7].

V. CONCLUSIONS

In this paper, we have presented a detailed computation
of the optical Cherenkov signals produced by upward-
moving EAS induced by z-leptons and muons. These
phenomena are proxies for the interaction of high-energy
(muon and tau) neutrinos inside the Earth and can be used
to detect astrophysical neutrinos with energies larger than a
few PeV. In our discussion we have focused the attention
mainly on the detection capabilities of the POEMMA
[37,38,64] and EUSO-SPB2 instruments [51,52].

Building on the methodology of [66], we have improved
the computation scheme in different ways: (i) we used a
more detailed evaluation of the neutrino propagation inside
the Earth, and we included, for the first time, (i1) the effects
of muon neutrino induced showers and (iii) the effects of
the electron lateral spreading in the shower development.

As discussed in Sec. II, to model the neutrino propaga-
tion through the Earth, we used the NuTausim Monte Carlo
code [65], which properly takes into account neutrino
interactions, energy losses, and regeneration to provide
as output an accurate evaluation of the lepton flux for air
shower modeling. From this, we include also the sampling
of shower energy from z-lepton decay, rather than using the
average value. We also include, for the first time, the effects
of muon induced showers from both z-lepton decay and
muon neutrino interactions in the Earth. To do so, we
appropriately modified NuTauSim to propagate muon neu-
trinos inside the Earth, and model the muon interactions in
the atmosphere taking into account all relevant channels of
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energy losses (bremsstrahlung, pair production, photo-
nuclear interaction) [75].

Including muon detection improves the sensitivity of
balloon and low Earth orbit based instruments to the optical
Cherenkov signal from upward going EAS, especially at
low energies. This follows from two main facts: (1) muons
have lifetimes significantly larger than z-leptons, thus
boosting their Earth emergence probabilities at low ener-
gies and (2) muons, regardless of their initial energy, may
begin showering high in the atmosphere, thus avoiding
much of the optical atmospheric extinction, as well as
reducing the distance to the instrument, both of which
lead to significant brightening of the signal compared to
z-leptons of comparable energy.

As discussed in Secs. III and IV, we have carefully
studied the analytical model to fit the Cherenkov photons
distribution using an accurate approximation at large angles
off shower axis. This regime is particularly relevant as it
fixes the actual detection capabilities of the instrument.

Our results for the sensitivity of POEMMA agree well
with those in [66] at low energies. With the inclusion of the
muon induced cascades, we obtain an improved low energy
sensitivity. At high energies, we obtain a better sensitivity
primarily because of our improvements in modeling the
extended tails of the Cherenkov spatial distribution.

We have also discussed the sensitivity of the EUSO-
SPB2 detector, in this case our detailed study of the electron
lateral spreading was instrumental to model the near-field
effects. Moreover, the inclusion of muon induced showers
demonstrated that suborbital detectors can, in principle, test
neutrino energies starting from the PeV regime, even if with
a much reduced sensitivity.

Considering as reference value the cosmogenic neutrino
flux computed in [7], we proved that EUSO-SPB2 is not
suitable to detect such particles, with a worse sensitivity
than present and planned neutrino observatories on ground,
and the POEMMA detector could perform better than

on-ground observatories only in the ideal case of a 2z
azimuth range. In the case of the actual POEMMA design,
with an azimuth range of 30° the detection capabilities
are sensibly reduced and the diffuse neutrino flux cannot
be observed, based on the current cosmogenic neutrino
flux models. On the other hand, as recently pointed out in
[105], the POEMMA satellite has an unprecedented
capability to follow-up transient sources and with its
sensitivity, can detect several possible bursting neutrinos
sources such as those produced by black holes or neutron
stars mergers [105].

Finally, in order to bracket the detection capabilities of a
generic low Earth orbit detector, with an ideal 2z azimuth
range, we have considered a POEMMA-like experiment
with different choices of the minimum detectable
Cherenkov photon signal. It follows that to be sensitive
to the cosmogenic neutrino flux, a low Earth orbit instru-
ment should improve the detection capabilities reducing
the minimum detectable Cherenkov signal by one order of
magnitude, with respect to the current POEMMA design.
This definitively represents a severe challenge from the
experimental point of view, in light of the detrimental
effects of the strong dark-sky background over the optical
Cherenkov wavelength band (300 nm—1000 nm).

ACKNOWLEDGMENTS

We would like to thank those who were instrumental
in discussing the physics and computations required for
this work, including M. Bertaina, F. Bisconti, P. Blasi, L.
De Mitri, J. Eser, D. Fargion, F. Fenu, S. Grimm, D.
Grisham, S. Petrera, M. Hall Reno, F. Salamida, Tonia
Venters, and D. Wright, as well as the POEMMA and
EUSO-SPB2 collaborations. For the use of CORSIKA in this
work, we would also like to thank D. Heck and T. Pierog.
Additionally, we would like to thank P. Ilten regarding his
continued help with PYTHIA.

[1] V. Berezinsky and G. Zatsepin, Phys. Lett. 28B, 423
(1969).

[2] T. K. Gaisser, F. Halzen, and T. Stanev, Phys. Rep. 258,
173 (1995); 271, 355(E) (1996).

[3] M. Ahlers and F. Halzen, Prog. Theor. Exp. Phys. (2017),
12A105.

[4] M. Ackermann et al., Bull. Am. Astron. Soc. 51, 185
(2019), arXiv:1903.04334v2.

[5] M. Ackermann et al., Bull. Am. Astron. Soc. 51, 215
(2019), arXiv:1903.04333v2.

[6] A. Palladino, M. Spurio, and F. Vissani, Universe 6, 30
(2020).

[7] R. Aloisio, D. Boncioli, A. di Matteo, A. Grillo, S. Petrera,
and F. Salamida, J. Cosmol. Astropart. Phys. 10 (2015) 006.
[8] S. Yoshida, H.-y. Dai, C.C.H. Jui, and P. Sommers,
Astrophys. J. 479, 547 (1997).
[9] G. Sigl, S. Lee, P. Bhattacharjee, and S. Yoshida, Phys.
Rev. D 59, 043504 (1998).
[10] V.S. Berezinsky and A. Vilenkin, Phys. Rev. D 62, 083512
(2000).
[11] R. Aloisio, V. Berezinsky, and M. Kachelriess, Phys. Rev.
D 74, 023516 (2006).
[12] K. Kotera, D. Allard, and A. Olinto, J. Cosmol. Astropart.
Phys. 10 (2010) 013.

043017-21


https://doi.org/10.1016/0370-2693(69)90341-4
https://doi.org/10.1016/0370-2693(69)90341-4
https://doi.org/10.1016/0370-1573(95)00003-Y
https://doi.org/10.1016/0370-1573(95)00003-Y
https://doi.org/10.1016/0370-1573(96)00014-2
https://doi.org/10.1093/ptep/ptx021
https://doi.org/10.1093/ptep/ptx021
https://arXiv.org/abs/1903.04334v2
https://arXiv.org/abs/1903.04333v2
https://doi.org/10.3390/universe6020030
https://doi.org/10.3390/universe6020030
https://doi.org/10.1088/1475-7516/2015/10/006
https://doi.org/10.1086/303923
https://doi.org/10.1103/PhysRevD.59.043504
https://doi.org/10.1103/PhysRevD.59.043504
https://doi.org/10.1103/PhysRevD.62.083512
https://doi.org/10.1103/PhysRevD.62.083512
https://doi.org/10.1103/PhysRevD.74.023516
https://doi.org/10.1103/PhysRevD.74.023516
https://doi.org/10.1088/1475-7516/2010/10/013
https://doi.org/10.1088/1475-7516/2010/10/013

CUMMINGS, ALOISIO, and KRIZMANIC

PHYS. REV. D 103, 043017 (2021)

[13] R. Alves Batista, R. M. de Almeida, B. Lago, and K.
Kotera, J. Cosmol. Astropart. Phys. 01 (2019) 002.

[14] R. Aloisio, S. Matarrese, and A.V. Olinto, J. Cosmol.
Astropart. Phys. 08 (2015) 024.

[15] J.G. Learned and S. Pakvasa, Astropart. Phys. 3, 267
(1995).

[16] M. M. Block, L. Durand, and P. Ha, Phys. Rev. D 89,
094027 (2014).

[17] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev.
Lett. 125, 121104 (2020).

[18] J. Stettner (IceCube Collaboration), Proc. Sci., ICRC2019
(2020) 1017 [arXiv:1908.09551].

[19] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev.
Lett. 113, 101101 (2014).

[20] M. G. Aartsen et al. (IceCube Collaboration), Phys. Rev.
Lett. 111, 021103 (2013).

[21] M. G. Aartsen et al. (IceCube Collaboration), Science 342,
1242856 (2013).

[22] D. Williams et al. (IceCube Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 952, 161650 (2020).

[23] M. G. Aartsen et al. (IceCube, Fermi-LAT, MAGIC,
AGILE, ASAS-SN, HAWC, H.ES.S., INTEGRAL,
Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru,
Swift NuSTAR, VERITAS, and VLA/17B-403 Collabo-
rations), Science 361, caat1378 (2018).

[24] S. Adrian-Martinez et al. (KM3Net Collaboration), J.
Phys. G 43, 084001 (2016).

[25] A.D. Avrorin et al., 1zv. Ross. Akad. Nauk Ser. Fiz. 83,
1016 (2019) [Bull. Russ. Acad. Sci. Phys. 83,921 (2019)].

[26] G. A. Askaryan, Zh. Eksp. Teor. Fiz. 41, 616 (1961) [JETP
14, 441 (1962)].

[27] G. A. Askaryan, Pis’ma Zh. Eksp. Teor. Fiz. 50, 446
(1989) [JETP Lett. 50, 478 (1989)].

[28] S. W. Barwick et al. (ANITA Collaboration), Phys. Rev.
Lett. 96, 171101 (2000).

[29] P. W. Gorham et al., Astropart. Phys. 32, 10 (2009).

[30] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. D
99, 122001 (2019).

[31] P. Allison et al., Astropart. Phys. 35, 457 (2012).

[32] P. Allison et al. (ARA Collaboration), Phys. Rev. D 93,
082003 (2016).

[33] S. W. Barwick et al., IEEE Trans. Nucl. Sci. 62, 2202
(2015).

[34] S. W. Barwick et al. (ARIANNA Collaboration), Astro-
part. Phys. 70, 12 (2015).

[35] P. Allison et al. (ARA Collaboration), Phys. Rev. D 102,
043021 (2020).

[36] M. G. Aartsen et al. (IceCube Collaboration), arXiv:
1911.02561.

[37] L. A. Anchordoqui et al., Phys. Rev. D 101, 023012
(2020).

[38] A.V. Olinto et al., Proc. Sci.,, ICRC2017 (2018) 542
[arXiv:1708.07599].

[39] F. Halzen and D. Saltzberg, Phys. Rev. Lett. 81, 4305
(1998).

[40] D. Fargion, Astrophys. J. 5§70, 909 (2002).

[41] J. L. Feng, P. Fisher, F. Wilczek, and T. M. Yu, Phys. Rev.
Lett. 88, 161102 (2002).

[42] X. Bertou, P. Billoir, O. Deligny, C. Lachaud, and A.
Letessier-Selvon, Astropart. Phys. 17, 183 (2002).

[43] S. Bottai and S. Giurgola, Astropart. Phys. 18, 539 (2003).

[44] D. Fargion, P. G. De Sanctis Lucentini, and M. De Santis,
Astrophys. J. 613, 1285 (2004).

[45] J.-J. Tseng, T.-W. Yeh, H. Athar, M. A. Huang, F.-F. Lee,
and G.-L. Lin, Phys. Rev. D 68, 063003 (2003).

[46] C. Aramo, A. Insolia, A. Leonardi, G. Miele, L. Perrone,
O. Pisanti, and D. V. Semikoz, Astropart. Phys. 23, 65
(2005).

[47] S.1. Dutta, Y. Huang, and M. H. Reno, Phys. Rev. D 72,
013005 (2005).

[48] Y. Asaoka and M. Sasaki, Astropart. Phys. 41, 7 (2013).

[49] A.N. Otte, Phys. Rev. D 99, 083012 (2019).

[50] A. Aab et al. (Pierre Auger Collaboration), J. Cosmol.
Astropart. Phys. 10 (2019) 022.

[51] J. H. Adams et al., arXiv:1703.04513.

[52] L. Wiencke and A. Olinto JEM-EUSO POEMMA Col-
laboration), Proc. Sci., ICRC2019 (2020) 466 [arXiv:
1909.12835].

[53] The Pierre Auger Collaboration, The Pierre Auger
Observatory: Contributions to the 36th International Cos-
mic Ray Conference (ICRC 2019) (2019), .

[54] T. Abu-Zayyad et al. (Telescope Array Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 689, 87
(2012).

[55] H. Tokuno et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 676, 54 (2012).

[56] R. Aloisio, P. Blasi, I. De Mitri, and S. Petrera, arXiv:
1707.06147.

[57] H. Schoorlemmer et al., Astropart. Phys. 77, 32 (2016).

[58] S. Hoover et al. (ANITA Collaboration), Phys. Rev. Lett.
105, 151101 (2010).

[59] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. D
98, 022001 (2018).

[60] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev.
Lett. 121, 161102 (2018).

[61] P. W. Gorham er al. (ANITA Collaboration), Phys. Rev.
Lett. 117, 071101 (2016).

[62] A. Romero-Wolf et al., Phys. Rev. D 99, 063011 (2019).

[63] A. Cummings, R. Aloisio, M. Bertaina, F. Bisconti, F.
Fenu, and F. Salamida, Proc. Sci., ICRC2019 (2020) 861
[arXiv:1910.00992].

[64] A. Olinto et al., arXiv:1907.06217.

[65] J. Alvarez-Muiz, W.R. Carvalho, A.L. Cummings, K.
Payet, A. Romero-Wolf, H. Schoorlemmer, and E. Zas,
Phys. Rev. D 97, 023021 (2018); 99, 069902(E) (2019).

[66] M. H. Reno, J. F. Krizmanic, and T. M. Venters, Phys. Rev.
D 100, 063010 (2019).

[67] R. Gandhi, C. Quigg, M.H. Reno, and I. Sarcevic,
Astropart. Phys. 5, 81 (1996).

[68] A. Dziewonski and D. Anderson, Phys. Earth Planet. Inter.
25, 297 (1981).

[69] A. Connolly, R.S. Thorne, and D. Waters, Phys. Rev. D
83, 113009 (2011).

[70] Y.S. Jeong, M. V. Luu, M. H. Reno, and I. Sarcevic, Phys.
Rev. D 96, 043003 (2017).

[71] N. Armesto, C. A. Salgado, and U. A. Wiedemann, Phys.
Rev. Lett. 94, 022002 (2005).

[72] H. Abramowicz, E. Levin, A. Levy, and U. Maor, Phys.
Lett. B 269, 465 (1991).

[73] H. Abramowicz and A. Levy, arXiv:hep-ph/9712415.

043017-22


https://doi.org/10.1088/1475-7516/2019/01/002
https://doi.org/10.1088/1475-7516/2015/08/024
https://doi.org/10.1088/1475-7516/2015/08/024
https://doi.org/10.1016/0927-6505(94)00043-3
https://doi.org/10.1016/0927-6505(94)00043-3
https://doi.org/10.1103/PhysRevD.89.094027
https://doi.org/10.1103/PhysRevD.89.094027
https://doi.org/10.1103/PhysRevLett.125.121104
https://doi.org/10.1103/PhysRevLett.125.121104
https://arXiv.org/abs/1908.09551
https://doi.org/10.1103/PhysRevLett.113.101101
https://doi.org/10.1103/PhysRevLett.113.101101
https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1126/science.1242856
https://doi.org/10.1126/science.1242856
https://doi.org/10.1016/j.nima.2018.11.109
https://doi.org/10.1016/j.nima.2018.11.109
https://doi.org/10.1126/science.aat1378
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.3103/S1062873819080057
https://doi.org/10.1103/PhysRevLett.96.171101
https://doi.org/10.1103/PhysRevLett.96.171101
https://doi.org/10.1016/j.astropartphys.2009.05.003
https://doi.org/10.1103/PhysRevD.99.122001
https://doi.org/10.1103/PhysRevD.99.122001
https://doi.org/10.1016/j.astropartphys.2011.11.010
https://doi.org/10.1103/PhysRevD.93.082003
https://doi.org/10.1103/PhysRevD.93.082003
https://doi.org/10.1109/TNS.2015.2468182
https://doi.org/10.1109/TNS.2015.2468182
https://doi.org/10.1016/j.astropartphys.2015.04.002
https://doi.org/10.1016/j.astropartphys.2015.04.002
https://doi.org/10.1103/PhysRevD.102.043021
https://doi.org/10.1103/PhysRevD.102.043021
https://arXiv.org/abs/1911.02561
https://arXiv.org/abs/1911.02561
https://doi.org/10.1103/PhysRevD.101.023012
https://doi.org/10.1103/PhysRevD.101.023012
https://arXiv.org/abs/1708.07599
https://doi.org/10.1103/PhysRevLett.81.4305
https://doi.org/10.1103/PhysRevLett.81.4305
https://doi.org/10.1086/339772
https://doi.org/10.1103/PhysRevLett.88.161102
https://doi.org/10.1103/PhysRevLett.88.161102
https://doi.org/10.1016/S0927-6505(01)00147-5
https://doi.org/10.1016/S0927-6505(02)00165-2
https://doi.org/10.1086/423124
https://doi.org/10.1103/PhysRevD.68.063003
https://doi.org/10.1016/j.astropartphys.2004.11.008
https://doi.org/10.1016/j.astropartphys.2004.11.008
https://doi.org/10.1103/PhysRevD.72.013005
https://doi.org/10.1103/PhysRevD.72.013005
https://doi.org/10.1016/j.astropartphys.2012.10.001
https://doi.org/10.1103/PhysRevD.99.083012
https://doi.org/10.1088/1475-7516/2019/10/022
https://doi.org/10.1088/1475-7516/2019/10/022
https://arXiv.org/abs/1703.04513
https://arXiv.org/abs/1909.12835
https://arXiv.org/abs/1909.12835
https://doi.org/10.1016/j.nima.2012.05.079
https://doi.org/10.1016/j.nima.2012.05.079
https://doi.org/10.1016/j.nima.2012.02.044
https://doi.org/10.1016/j.nima.2012.02.044
https://arXiv.org/abs/1707.06147
https://arXiv.org/abs/1707.06147
https://doi.org/10.1016/j.astropartphys.2016.01.001
https://doi.org/10.1103/PhysRevLett.105.151101
https://doi.org/10.1103/PhysRevLett.105.151101
https://doi.org/10.1103/PhysRevD.98.022001
https://doi.org/10.1103/PhysRevD.98.022001
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.121.161102
https://doi.org/10.1103/PhysRevLett.117.071101
https://doi.org/10.1103/PhysRevLett.117.071101
https://doi.org/10.1103/PhysRevD.99.063011
https://arXiv.org/abs/1910.00992
https://arXiv.org/abs/1907.06217
https://doi.org/10.1103/PhysRevD.97.023021
https://doi.org/10.1103/PhysRevD.99.069902
https://doi.org/10.1103/PhysRevD.100.063010
https://doi.org/10.1103/PhysRevD.100.063010
https://doi.org/10.1016/0927-6505(96)00008-4
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1103/PhysRevD.83.113009
https://doi.org/10.1103/PhysRevD.83.113009
https://doi.org/10.1103/PhysRevD.96.043003
https://doi.org/10.1103/PhysRevD.96.043003
https://doi.org/10.1103/PhysRevLett.94.022002
https://doi.org/10.1103/PhysRevLett.94.022002
https://doi.org/10.1016/0370-2693(91)90202-2
https://doi.org/10.1016/0370-2693(91)90202-2
https://arXiv.org/abs/hep-ph/9712415

MODELING OF THE TAU AND MUON NEUTRINO-INDUCED ...

PHYS. REV. D 103, 043017 (2021)

[74] S. Dutta, M. Reno, I. Sarcevic, and D. Seckel, Phys. Rev. D
63, 094020 (2001).

[75] J. Alvarez-Muiz, W.R. Carvalho, A.L. Cummings, R.
Krebs, R. Prechelt, A. Romero-Wolf, H. Schoorlemmer, S.
Wissel, and E. Zas (to be published).

[76] T. Sjstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, Comput. Phys. Commun. 191, 159 (2015).

[77] D.E. Groom, N. V. Mokhov, and S. I. Striganov, At. Data
Nucl. Data Tables 78, 183 (2001).

[78] K. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[79] T. Stanev and H.P. Vankov, Phys. Rev. D 40, 1472
(1989).

[80] L. B. Bezrukov and E. Bugaev, Yad. Fiz. 33, 1195 (1981),
https://www.osti.gov/biblio/5909968.

[81] D. Heck, J. Knapp, J. Capdevielle, G. Schatz, and T.
Thouw, Forschungszentrum Karlsruhe Report (1998).

[82] A. Cummings, R. Aloisio, M. Bertaina, F. Bisconti, F.
Fenu, and F. Salamida, Proc. Sci., ICRC2019 (2020) 862
[arXiv:1910.01021].

[83] P.C. Dieter Heck (private communication).

[84] S. Ostapchenko, Phys. Rev. D 83, 014018 (2011).

[85] S. Ostapchenko, EPJ Web Conf. 52, 02001 (2013).

[86] H. Fesefeldt, Report No. PITHA-85-02, 1985.

[87] N. Sissenwine, Reports No. NASA-TM-X-74335 and
No. NOAA-S/T-76-1562, 1976.

[88] T. K. Gaisser, R. Engel, and E. Resconi, Cosmic Rays and
Particle Physics: 2nd ed. (Cambridge University Press,
Cambridge, England, 2016).

[89] R. C. Weast, CRC Handbook of Chemistry and Physics,
67th ed. (CRC Press, Boca Raton, FL, 1986).
[90] P. E. Ciddor, Appl. Opt. 35, 1566 (1996).
[91] K. Bernlohr, Astropart. Phys. 30, 149 (2008).
[92] L. Elterman, Tech. Report No. AFCRL-68-0153, 1968.
[93] W. Blitzstein, H. F. Fliegel, and Y. Kondo, Appl. Opt. 9,
2539 (1970).
[94] R. Thalman, K. J. Zarzana, M. A. Tolbert, and R. Volkamer,
J. Quant. Spectrosc. Radiat. Transfer 147, 171 (2014).
[95] A. Hillas, J. Phys. G 8, 1475 (1982).
[96] S. Lafebre, R. Engel, H. Falcke, J. Horandel, T. Huege, J.
Kuijpers, and R. Ulrich, Astropart. Phys. 31, 243 (2009).
[97] P. Motloch, N. Hollon, and P. Privitera, Astropart. Phys.
54, 40 (2014).
[98] R. W. Hanuschik, Astron. Astrophys. 407, 1157 (2003).
[99] P.C. Cosby, B. D. Sharpee, T. G. Slanger, D. L. Huestis, and
R. W. Hanuschik, J. Geophys. Res. 111, A12307 (2006).
[100] P.J. van Rhijn, Publ. Kapteyn Astron. Laboratory Gro-
ningen 31, 1 (1921), https://ui.adsabs.harvard.edu/abs/
1921PGro...31....1V.
[101] F.E. Roach and A.B. Meinel, Astrophys. J. 122, 530
(1955).
[102] G.T. Best, Planet. Space Sci. 13, 855 (1965).
[103] G.J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).
[104] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).
[105] T.M. Venters, M.H. Reno, J.F. Krizmanic, L.A.
Anchordoqui, C. Gupin, and A. V. Olinto, Phys. Rev. D
102, 123013 (2020).

043017-23


https://doi.org/10.1103/PhysRevD.63.094020
https://doi.org/10.1103/PhysRevD.63.094020
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1006/adnd.2001.0861
https://doi.org/10.1006/adnd.2001.0861
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1103/PhysRevD.40.1472
https://doi.org/10.1103/PhysRevD.40.1472
https://www.osti.gov/biblio/5909968
https://www.osti.gov/biblio/5909968
https://www.osti.gov/biblio/5909968
https://arXiv.org/abs/1910.01021
https://doi.org/10.1103/PhysRevD.83.014018
https://doi.org/10.1051/epjconf/20135202001
https://doi.org/10.1364/AO.35.001566
https://doi.org/10.1016/j.astropartphys.2008.07.009
https://doi.org/10.1364/AO.9.002539
https://doi.org/10.1364/AO.9.002539
https://doi.org/10.1016/j.jqsrt.2014.05.030
https://doi.org/10.1088/0305-4616/8/10/017
https://doi.org/10.1016/j.astropartphys.2009.02.002
https://doi.org/10.1016/j.astropartphys.2013.11.002
https://doi.org/10.1016/j.astropartphys.2013.11.002
https://doi.org/10.1051/0004-6361:20030885
https://doi.org/10.1029/2006JA012023
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://ui.adsabs.harvard.edu/abs/1921PGro...31....1V
https://doi.org/10.1086/146115
https://doi.org/10.1086/146115
https://doi.org/10.1016/0032-0633(65)90122-4
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.102.123013
https://doi.org/10.1103/PhysRevD.102.123013

