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Very-high-energy and ultra-high-energy neutrinos are messengers of energetic sources in the uni-
verse. Sub-orbital and satellite-based neutrino telescopes employ detectors of the atmospheric
Cherenkov emission from extensive air showers (EASs) generated by charged particles. These
Cherenkov detectors can be pointed below or above the Earth’s limb. Cherenkov emissions pro-
duced from directions below the limb are from upward-going EASs produced in the atmosphere
sourced by Earth-skimming neutrinos. When the Cherenkov telescope is pointed slightly above
the Earth’s limb, signals from EASs are initiated by cosmic ray interactions in the atmosphere.
For sub-orbital detectors, muons produced from cosmic rays in the atmosphere can directly hit the
Cherenkov telescope. Using a semi-analytic technique with cascade equations for atmospheric
particle fluxes, we quantify the atmospheric muon flux that reaches sub-orbital telescopes like
Extreme Universe Space Observatory Super Pressure Balloon 2 (EUSO-SPB2). We assess this
potential background to the EAS signals. The calculation technique may also provide an under-

standing of the evolution of the muon content in individual EAS.
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1. Introduction

Neutrinos, neutral and weakly interacting particles, can travel astronomical distances unhin-
dered and act as messengers from the distant universe. To detect the very-high-energy (VHE)
(E > 10" eV) neutrino flux, large volume neutrino targets/detectors are needed. One approach is to
use Earth as a neutrino converter, where neutrinos propagating through the Earth interact to produce
charged leptons (electrons, muons, and tau-leptons). The charged leptons can exit the Earth and
create extensive-air-showers (EASs) in the atmosphere. The EASs have optical Cherenkov, radio
emission and fluorescent radiation associated to them. The radiation can be detected by ground-
based, sub-orbital, and orbital neutrino telescopes such as IceCube [1], EUSO-SPB2 [2, 3], and a
future POEMMA [4]. Another feature of cosmic ray interactions in the atmosphere is the generation
of atmospheric neutrino and muon fluxes. The atmospheric muon flux incident on EUSO-SPB?2 is
the subject of this study.

EUSO-SPB2 had a fluorescence telescope (FT) (nadir pointing) and a Cherenkov telescope
(CT) that pointed above the limb to detect EAS from cosmic rays. It flew at an altitude of 33 km
from the surface of the Earth. The muons produced from cosmic rays interactions in the atmosphere
produce charged pions and kaons that can decay to muons. These muons can directly hit the CT
and the FT. This is depicted in fig. 1, where @ describes the incident direction of the cosmic rays,
which can be below or above the telescope’s horizon. For the telescopes at an altitude of 33 km,
a > 84.2° for cosmic ray trajectories to be above the Earth’s limb.

Direct muon hits from the atmospheric muon flux can act as a potential background to the EAS
signals measured by the CT and the FT. The atmospheric lepton fluxes are well-studied for ground-
based instruments (see, e.g., refs. [5-9]), but less so for sub-orbital instruments like EUSO-SPB2.
Here, we make a first estimate of the rate of atmospheric muons hitting the EUSO-SPB2 telescopes.

2. Atmospheric lepton fluxes with the Z-moment approximation

The atmospheric particle flux ¢;(E, X) for particle j, as a function of energy E and column
depth X can be written as

dg;(E, X) ¢,(E.X) ¢;(E,X) .
B — — 1
= GRS + > Sk - j), (1)

o7, ok(E,X)dn(k — jiE'E)
Sk— j) = /E ar s L , )

for all particles except for muons. The symbol A;(E) and /1?“ (E) = Etjp/m; are the interaction
length and the decay length, respectively, of the particle j in the atmosphere. The quantities E,
7;, mj are the energy, lifetime and mass of the particle j. We have suppressed the angular (@)
dependence of ¢; and X. The column depth is given as:

m&m:l dt' p(h(l,a)), 3)

where (¢, ) is the altitude, ¢ is the trajectory distance and « is the nadir angle, also shown in fig. 1.
The atmospheric density (o) considered here is given by an exponential distribution,

p = poexp(—h/ho) , “
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Figure 1: Sub-orbital telescope (like, EUSO-SPB2) at 33 km altitude. In red is the particle trajectory to the
telescope surface at different @ angles (@ = 0° at nadir). The cosmic rays (p) interact in the atmosphere to
create pions and kaons which decay to muons. At a given point in the particle’s trajectory, h represents the
altitude of that point and € represents the remaining trajectory distance from that point to the telescope. The
figure is not to scale.

where ho = 6.4 km and pohy = 1300 g/cm’>. We approximate particle trajectories as one-
dimensional, a good approximation above 10 GeV [9]. The interaction and decay distributions
in the source term S(k — j) (eq. (2)) in terms of cross-section (0-) and decay width (I") are

dn(k — jE',E) 1 do(kA— jY,E' E) . )
1E = B 1E (interaction) , 5)
dn(k — j;E'E) 1 dU'(k —» jY;E',E)
= d . 6
dE T (E) dE (decay) ©)

For muons, electromagnetic energy loss is incorporated in the continuous-energy-loss approxima-
tion, where

dE\ dE _
<ﬁ> ~ - = ~(a+bE) = -B(E). )

Here, a and b are the energy loss parameters accounting for ionization, and bremsstrahlung, pair
production and photo-nuclear energy loss, respectively. In this approximation

dpu(E.X) _ ¢u(E.X
dx A< (E)

L LB E. 3]+ Y Sk - ). ®)

We use the same analytic approximation method involving spectrum-weighted Z-moments
that is successful for calculating the atmospheric lepton fluxes at the Earth’s surface [5, 6]. The
analytic approximation to determine atmospheric lepton fluxes relies on flux-weighted integrals of
differential distributions for particle production and decay. The source of particle j from initial
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Figure 2: Muon energy (left) and the survival probability of muon (right) produced ¢ distance away from the
EUSO-SPB2 balloon. The balloon is at £ = 0 km. It is shown for three final muon energies at the balloon.
The dashed line is for @ = 87° and solid line is for @ = 90°. The plot on the left shows the muon reaching
the balloon (at £ = 0 km) with a final energy of E,, s = 1,5, 10 GeV starts its trajectory at a higher energy.

particle k, denoted S(k — j), is given by eq. (2) and can be re-written in terms of Z-moment as

1R

S(k — 7) /Em ,P2(E") A4 (E) dn(k — j;E',E) | $x(E, X)

S0(E) WE)  dE L(E)
dn(k — j;E',E)
dE ’
where ¢y (E, X) = ¢2(E)f(X) and Ax = Ax /(1 = Zgx) so that f(X) = exp (—X/Ax).
To evaluate the flux of muons, we step through the column depth of the atmosphere with steps
AX that are small relative to /lffc and A; for interactions and decays. For cosmic ray nucleons N,
and for the pions and kaons they produce in the atmosphere, this translates for each step to

©)
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AX AX AX
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where j = m, K. For muons
) AX . AX
$u(E, X +AX) = [g(E, X)[1-——|+ > Zj_,#gbj(E,X)/F]eXp(bAX) (12)
K j=m.K J
E' = (E+a/b)exp(-bAX) —alb. (13)

To simplify the calculation further, we make several approximations. The energy loss parameters
a, b, and the Z-moments are taken to be energy independent with their respective values are taken
from ref. [5], including pion and kaon decays as sources of muons in the atmosphere. We don’t
account for the Earth’s magnetic field, an effect most important for muons with energies below 10
GeV [9]. We approximate the cosmic ray flux (¢(])V) as a function of energy per nucleon E by

1
QUEOM 1 = 1.7 (E/GeV) ™27, E <5-10°GeV .

¢?V(E>[

cm? s sr GeV
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Figure 3: Left: Altitude % (left) and trajectory distance ¢ (right) as a function of column depth X starting
from very high altitude, for trajectories below the horizon, at the horizon and above the horizon (different «
values) for an instrument at an altitude of 33 km. The atmospheric density is approximated by an exponential
function.
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Figure 4: Muon flux (scaled by E;217)‘) as a function of final muon energy reaching the detector. It is shown

for different trajectories above and below the horizon. Right: Muon flux (scaled by E;217f) as a function of a.
It is shown for different final muon energies reaching the detector. A

The muon flux is evaluated according to eq. (12). Our evaluation of the atmospheric muon flux
on the ground is in agreement with the results in ref. [5]. For total atmospheric column depth X (),
the muon energy at the beginning of the trajectory has initial energy E; = (E +a/b) exp(bX)—a/b,
and for each of the n steps in column depth, the muon energy is decreased according to eq. (13).
Therefore, the muons reaching the telescope with a final energy E,, s (E, = E, 5 at £ = 0) will
have started their journey with a higher initial energy, as shown in the left panel of fig. 2 for two
different column depths corresponding to @ = 87° and @ = 90°. Muon energy loss also impacts
the survival probability of the muons, as shown in the left panel of fig. 2 which shows the muon
survival probability as a function of ¢ for three final muon energies and two column depths.

3. Results

The cosmic rays interact after traversing X =~ 120 g/cm? in the atmosphere to form charged
mesons, like pions and kaons, which can decay to muons. The column depth depends on the density
of the air in the atmosphere, and is given by eq. (3). The atmosphere near the surface of the Earth is
denser and its density decreases as we go farther up from the surface. Therefore, understanding the
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Figure 5: The ratio of muon flux produced from charged pions to charged kaons, as a function of final muon
energies. It is shown for different trajectories below and above the horizon.
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Figure 6: Muon flux reaching per cm? of area of the detector per second scaled by final muon energies, as
a function of final muon energy. Solid line is for the detector pointing to the horizon, and dashed line is for
the detector pointing in nadir direction.

column depth variation along a particle’s trajectory as a function of /4 and ¢ is important. Figure 3
shows the column depth variation in the atmosphere as a function of altitude (left) and particle’s
trajectory distance (right). It is shown for different trajectories above and below the horizon.

Our main results for the muon flux with energy E,, s at a detector at an altitude of 33 km are
shown in fig. 4. Figure 4 (left) shows the muon flux scaled by the E,1217f’ as a function of E,, ¢, for
several values of @, from both below and above the horizon of the telescope. Figure 4 (right) shows
the muon flux scaled by Eiff as a function of « for fixed final muon energies at the balloon.

The particle trajectories with smaller «, have to travel longer distances to reach the balloon as
compared to the particle trajectories with higher «. For higher «, the density of the atmosphere is
lower, and it leads to the cosmic rays interacting to produce charged pions and kaons closer to the
detector. This means the production of muons is also closer to the detector, increasing the muon
flux reaching the telescopes on the balloon for higher « trajectories. This is why the muon flux



Atmospheric muon fluxes Diksha Garg

reaching the balloon with a final muon energy of 1 GeV, for example, is lower for smaller a but
increases with higher @ (shown in fig. 4 right).

We can see in fig. 4 (left), the muon flux increases with increasing muon final energies as more
muons are able to reach the balloon. But the flux starts falling for £, ¢ > 10° GeV. This is because
fewer muons at higher energies are being produced as the probability of interaction for pions and
kaons is higher than their decay probability.

For reference, we show the ratio of the muon flux reaching the balloon produced from charged
pion decays to the flux from charged kaon decays in fig. 5 for different values of @. The muon flux
from pion decays is a factor of ~ 8 — 11 higher than the flux from kaon decays at lower final muon
energies. For higher final muon energies, the ratio of the muon flux produced from pions to kaons
is nearly constant as a function of energy, with a value of ~ 1.5.

To calculate the rate of muons incident on the CT pointed horizontally, and from the upward
muon flux incident on the FT pointing to the nadir, we integrate the flux of muons over the
appropriate solid angle, starting with @ = 84.2° at the Earth’s limb. For these two cases, the flux
integrated over solid angle and energy for energy E,, r, denoted by @, (E,, r) are

@=mr/2 a=180°
®,(Eus) = / dE,, / / ¢u(Ey, @) sin® a cos g dadp, horizontal (14)
E p=—n[2 J @=84.2°

n.f
=27 a=90°
D, (EL,r) / dE/,/ / ¢u(E,, a)cosasinadadp, nadir. (15)
Euf =0 a

=84.2°

The results for E,, ¢ X d®, /dE, ; are shown in fig. 6 as a function of final muon energy are
shown for each orientation. The rate of up-going muons in the atmospheric flux that reach the
FT, parallel to the Earth (pointing to the nadir) is much smaller than the rate incident on the CT
pointing to the horizon. Integrating over energy with a minimum energy of E, s = 1 GeV yields
6.6 x 10~3/cm?/s on the horizontally-pointing CT, and 2.1 x 10~%/cm?/s on the nadir-pointing FT.
The flux of muons on the ground is approximately 1/cm?/min = 1.7 x 10~2/cm?/s [10].

While our approximation that for a given @ we can use the cascade equations in a 1-dimensional
approximation is good for E,, y 2 10 GeV, is not as good an approximation for lower energy muons
where the Earth’s magnetic field bends the muon trajectory (and makes it longer) [11]. For
reference, @, (E, r = 10 GeV) is 3.6 x 10~*/cm?/s for the horizontal orientation of the telescope,
and 1.3 x 107%/cm?/s for the nadir orientation.

4. Discussion

Our muon flux calculation is an approximate result, but for the orientation of CT pointing to
its horizon, or near to it, is interesting enough to pursue with a more detailed evaluation. As muons
pass through the plane of the detector, they are ionizing and deposit energy. More detailed modeling
of the detector is required to understand their impact.

Given the areas of the CT, if we assume that 100% of the muon rate triggers the detector, the
atmospheric muon rate for muons above 1 GeV is 1.21 Hz and above 10 GeV is 0.066 Hz, on the CT
of area 184 cm? with horizontal pointing. There may be an opportunity to measure the atmospheric
muon flux with EUSO-SPB2 using data collected to determine the air glow background.
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