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We study neutrino, muon, and gamma-ray fluxes in extraterrestrial environments in our Solar System via
semianalytical estimates and Monte Carlo simulations. In sites with negligible atmosphere, we find a strong
reduction in the cosmic-ray-induced neutrino and muon fluxes relative to their intensities on Earth.
Neutrinos with energies between 50MeVand 100 TeV show particularly strong suppression, by as much as
103, even at shallow depths. The solar neutrino suppression increases as the square of the site’s distance
from the Sun. Natural radiation due to nuclear decay is also expected to be lower in many of these locations
and may be reduced to effectively negligible levels in liquid water environments. The sites satisfying these
characteristics represent an opportunity for greatly extending the physics reach of underground searches in
fundamental physics, such as searches for weakly interacting massive particle (WIMP) dark matter,
neutrinoless double-beta decay, the diffuse supernova neutrinos, and neutrinos from nearby supernova. As
a potential near-term target, we propose a measurement of muon and gamma-ray fluxes in an accessible
underground lunar site such as the Mare Tranquillitatis pit to perform a first measurement of the prompt
component in cosmic-ray-induced particle production, and to constrain lunar evolution models. Although
the focus of this work is on fundamental physics, the finding of this work—that the existence of an
atmosphere in a planet enhances cosmic-ray-induced radiation in its underground—could be relevant for a
broader range of sciences, such as radiobiology deep underground and searches for extraterrestrial life.
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I. INTRODUCTION

The past decade has shown a rapid increase in human
activities in space from both commercial and government
sectors [1]. In the US, for example, the NASA Artemis
program is being vigorously pursued in cooperation with
private endeavors such as SpaceX and Blue Origin to return
humans to the moon and beyond [2]. Similar programs are
being undertaken elsewhere, including in China, India, etc.
Rocket launch costs are decreasing rapidly while payload
capacities are substantially increasing, potentially leading
to a new space era with great scientific opportunities [3–5].
Recently, researchers from fields such as quantum tech-
nologies [6], astronomy [7–10], and particle physics
[11–16] have started investigating these opportunities.

In this work, we explore novel opportunities for extend-
ing the sensitivity of fundamental-physics rare-event
searches by situating them below the surface of various
extraterrestrial bodies. Such searches include attempts to
detect weakly interacting massive particle (WIMP) dark
matter by scattering off nuclear targets [17], to observe the
direct creation of matter in the form of neutrinoless double-
beta decay [18], or to search for astrophysical signals such
as diffuse supernova neutrinos (DSNs) [19], or direct
neutrino signals from a nearby supernova [20]. These
experiments are being pursued in deep underground labo-
ratories around the world [21] that provide shielding from
cosmic rays, primarily muons generated in the Earth’s
upper atmosphere, that would otherwise swamp those
sensitive detectors.
To extend their reach, these experiments pursue larger

detectors with lower backgrounds in each successive gen-
eration. In the coming generation of experiments, back-
ground due to solar neutrinos is expected to begin to play a
significant role. For neutrinoless double beta decay experi-
ments, solar neutrino backgrounds may begin to limit the
sensitivity, with a much higher impact for some detection
techniques relative to others [22]. In the case of direct
dark matter detection, coherent scattering of solar and
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atmospheric neutrinos, which are born in the same inter-
actions that produce cosmic ray muons, presents an irre-
ducible “neutrino fog” [23–28] common to all experiments,
beyond which a background-free experiment is no longer
possible even in principle. At higher energies relevant for
astrophysical neutrino detection, even the deepest under-
ground laboratory experiments suffer from atmospheric
neutrino backgrounds. And in all cases, gamma radiation
from natural radioactivity is a persistent worry.
In this work, we study neutrino, muon, and gamma fluxes

in various underground environments in the Solar System.
The solar neutrino flux scales as the squared inverse of the
Sun-detector distance. Thus, this flux can only be reduced if
the detector is moved far from the Sun [15]. Keeping this in
mind, we focus mostly on the cosmic-ray-induced fluxes in
extraterrestrial environments. We find that over a broad
energy range, the cosmic-ray-induced fluxes can be dras-
tically reduced in these environments. These sites also offer
advantages in terms of natural gamma radiation, for which
we perform a preliminary investigation.
We examine specifically two archetypical sites: one at

shallow depth in a lava tube on the Moon, and another in the
form of a human-made “ice ball” in space. These sites
potentially offer orders-of-magnitude (103−4) reduction of
muon and neutrino fluxes relative to what is possible on the
Earth, and could enable a new generation of ultrasensitive
experiments capable of detecting new physics that would
otherwise remain beyond reach. Our comparative study of the
Earth, Moon, and ice ball allows for an analysis of physics
possibilities at a number of other, more exotic sites. We
consider both neutrinos and muons over a large energy range.
It is worth noting that several studies [29–37], mostly

in the 1980s, have schematically estimated cosmic-
ray-induced neutrino fluxes on the Moon and explored
potential implications for detecting DSNs and high-energy
galactic neutrinos there. Recent works [15,38] have also
discussed the potential relevance of extraterrestrial sites for
dark matter detection. In contrast, this work extends
Monte Carlo simulations for these underground locations
with a comprehensive semianalytic numerical prediction
from unsimulated high energy physics.

II. COSMIC RAYS IN ENVIRONMENTS
WITH AND WITHOUT ATMOSPHERE

Neutrinos and energetic muons created by cosmic rays
impinging on matter can penetrate deep underground and
generate background in rare-event experiments. The cos-
mic-ray induced neutrino flux is accompanied by fluxes
from other terrestrial and astrophysical sources, including
solar, reactor, and geological (anti)neutrinos and super-
novae. Most cosmic ray muons and neutrinos are produced
far above the Earth’s surface, from the decays of short-lived
particles generated in hadronic showers, seeded by inter-
actions of primary cosmic rays (mostly protons) with gas
molecules in the Earth’s upper atmosphere [39]. Over most

of the energy range that poses background for rare-event
searches, the primary production mechanism is from decay-
in-flight (DIF) of the charged π and K mesons. At the
highest energies, an additional “prompt” component from
the rapid decay of ultrashort-lived particles such as charmed
hadrons (collectively labeled as ϕc here) is expected to
dominate. Production of these charmed hadrons by protons
is not typically simulated by toolkits like Geant4, so we rely
on our semianalytic estimate of their contribution to the
neutrino and muon fluxes. Below 50 MeV, an additional
mechanism is the decay-at-rest (DAR) of positive mesons
and muons that are not captured on nuclei. Figure 1
illustrates the primary production channels.
The presence of a significant contribution to the muon

and neutrino fluxes from the meson DIF channel in the
atmosphere arises from the fact that in a diffuse gas there is
a wide energy range over which these particles’ decay
lengths are much shorter than the interaction length or the
stopping distance, as illustrated in Fig. 2. In environments
with no atmosphere, one thus expects qualitatively different
secondary cosmic ray production. For primary cosmic rays
impinging directly on a solid object with density on the

FIG. 1. Key neutrino and muon production channels in cosmic
ray interactions in the presence or absence of an atmosphere. ϕc
refers to charmed hadrons and similar ultrashort-lived particles
that can contribute significantly at very high primary cosmic ray
energies.

FIG. 2. Decay lengths, plotted along with interaction and
stopping lengths for energetic pions in gaseous (dotted lines)
and solid (solid lines) media, corresponding to densities of 10−3

and 2.8 g=cm3, respectively. Charged kaons show a similar
behavior. Computed based on Ref. [39]; also see Appendix B.
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order 1 g=cm3, the mesons produced in the hadronic
showers have interaction lengths and stopping distances
much shorter than the decay length. The DIF muons and
neutrinos are thus strongly suppressed in these environ-
ments. At low energy, a strong component from the DAR of
the positive mesons remains. Muons and neutrinos gen-
erated by the prompt DIF of ultra-short-lived particles (ϕc)
are not expected to be suppressed in environments without
atmosphere since the decay lengths of these particles are
much smaller than their interaction lengths or stopping
distances even in a solid. As a result, the underground
fluxes of the highest energy muons and neutrinos are
expected to be largely independent of the atmospheric
conditions above ground.
The physics of muon and neutrino production in gases

versus solids is well established. For example, the ability
of dense materials to stop pions is the principle behind
the pulsed DAR neutrino source that enabled the first
detection of coherent elastic neutrino-nucleus scattering by
COHERENT [40]. The MiniBooNE experiment used these
same DIF and DAR channels to search for exotic dark
matter [41]. A recent paper [14] also explored how the
absence of atmosphere causes the moon to “shine” in DAR
neutrinos. Since energetic π=K-DIF muons and neutrinos
are responsible for much of the cosmogenic background for
underground rare event searches, their suppression in
environments without atmosphere indicates new opportu-
nities for discovery in extraterrestrial environments.
In the following sections, we present detailed calcula-

tions and Monte Carlo simulations of how these muon and
neutrino fluxes differ in environments with differing
amounts of atmosphere. We consider three primary simu-
lated environments; Earth, Moon, and the ice ball. We also
qualitatively discuss secondary environments. Key proper-
ties of these locations are summarized in Table I. We note
that the fluxes estimated in this work ignore the suppression
and distortion of the cosmic ray flux at low energies due
to solar modulation and geomagnetic field [39]. As a
result, extraterrestrial fluxes in the inner solar system
(for example, as calculated in Ref. [38]) may be a few
times smaller than our estimates.

Given existing efforts aimed at exploring the Moon
and Mars, we first consider these locations. These bodies
are composed mostly of silicates, like the Earth. Five
meters of rock amounts to ten nuclear inelastic scattering
lengths, so the primary proton flux is reduced by a factor
of ∼5 × 10−5 over this distance in silicates. This is
therefore roughly the minimum amount of shielding
needed to absorb all hadronic activity. Ancient lava tubes
on the Moon and Mars potentially provide naturally
occurring caverns with significant overburden [42]. In
Refs. [43,44], teams claimed to find lava tubes on the
Moon with overburdens of 45–90 m and >60 m, respec-
tively. We note with excitement that during the prepara-
tion of this manuscript, a report appeared indicating that
the Mare Tranquillitatis pit appears to have horizontal
conduits tens of meters long with roughly twice this
overburden [45]. Assuming these are not extreme cases,
we take the natural length scale of lunar lava tube
overburdens to be ∼100 m.
Asteroids represent the next-closest target for deploy-

ment. Like the moon and Mars, asteroids provide oppor-
tunities for scientific endeavors to add value to public- and
private-sector interest in mining asteroids for natural
resources [46–48]. They are located in a range of a few
AU from the Sun, providing roughly an order-of-magnitude
reduction in the solar neutrino flux. Asteroid compositions
vary from carbon-rich to rocky to metallic, with densities of
1.4, 2.7, and 5.3 g=cm3, respectively.
We next consider human-made extraterrestrial low-

radiation environments, focusing on “ice balls”1 of varying
radius. Our concept is motivated by conjectures that water
could be extracted from comets in large quantities and used
for rocket propulsion [49,50]. Combined with purification
processes such as filtration and distillation, the extraction of
water followed by its controlled solidification could pro-
vide a very large and highly radio-pure shield with
controllable opacity. We envision deployment beyond
the frost line, perhaps in orbit around one of the outer

TABLE I. Specific experimental locations considered in this work and their relevant physical parameters. Italic
entries are those locations for which Monte Carlo simulations and semianalytic calculations were performed. Neg. =
negligible and Var. = variable (depends on the orbit or the chosen deployment location).

Name Outer radius [km] Crust Crust density [g=cm3] Surface pressure [atm] Orbital radius [AU]

Earth 6400 Rock 2.8 1 1
Moon 1700 Rock 1.6 (regolith) 2.8 (crust) 3 × 10−15 1
Mars 3400 Rock 2.6 0.006 1.5
Asteroids 10−3–103 Rock 1–5 Neg. 1.5–5
Europa 1600 water þ ice 1 Neg. 5
Rhea 764 Ice 1.2 Neg. 10
Comets 0.1–30 Ice 0.3–0.6 Neg. Var.
Ice ball 0.1–1 Pure ice 0.9 Neg. Var.

1“Spaceballs” is perhaps a universal name for variations of this
geometry with different materials.
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planets, although encapsulation with a highly reflective
material could provide stability at lower orbital radii. The
ice volume itself could be instrumented as a large neutrino
telescope with a design similar to IceCube [51], in addition
to housing a suite of rare-event searches at its core.
We then consider more distant solar system objects, with

a focus on the gas giant moons Europa and Rhea. They lie
well beyond the frost line near 2.5 AU [52], providing a
strong compositional component of water and ice as well as
negligible atmospheric gas densities. Their host gas giants,
while large, produce a negligible atmospheric neutrino flux
on their moons due to their large orbital radii. The surface
of Europa, a satellite of Jupiter, is thought to be comprised
of 100 km deep ocean covered with a thin crust of ∼10 km
ice [53], offering the possibility of achieving significant
overburden with limited need for energy-intensive drilling.
Rhea, one of Saturn’s moons, is likely comprised of mostly
ice [54], offering a naturally occurring, very large version
of the ice ball concept.
Finally, comets, like asteroids, are targets for the mining

of resources, in particular volatiles [55,56]. Their often
highly elliptical orbits present an opportunity to mount an
experiment during a near-Earth approach and let the comet
carry the apparatus far from the sun, where solar neutrino
fluxes are low. Comet nuclei have a crystalline ice crust and
a colder and more porous interior [57]. They are surrounded
by a gaseous layer (the coma) which becomes larger as the
comet approaches the Sun. This layer can be large, but
remains diffuse enough that its contribution can be
neglected.

III. SEMIANALYTIC ESTIMATES FOR
ENERGETIC PARTICLE PRODUCTION

The formalism for estimating secondary cosmic ray
particle fluxes in gases and solids is well established. In
particular, the gaseous case is discussed in detail in
Ref. [39]. These energetic particles, including the secon-
dary mesons and the leptons to which the mesons decay,
move effectively collinearly. The changes in their fluxes Ni
(particles per unit area, per unit solid angle, per unit energy)
along their shared trajectory can thus be described using the
following set of coupled equations:

dNiðEi; XÞ
dX

¼ −
NiðEi; XÞ

λi
−
NiðEi; XÞ

di

þ
X
j

Z
∞

E
dEj

FjiðEi; EjÞ
Ei

NjðEj; XÞ
λj

: ð1Þ

This balances the production of new particles from all
available channels (source terms), with their removal via
decay or absorption (sink terms) as they traverse matter.
Here, X is the column depth (distance multiplied by the
target mass density), i and j refer to particle types, λi is
particle i’s absorption length, and di is its decay length. The

term Fji represents the production distribution of species i
from parent j.
In our semianalytic calculations, we numerically solve

these equation systems in various environments. A com-
plete discussion of the formalism is given in Appendix B,
including a list of the main symbols and numerical values
used (Table III). We consider nucleons, charged pions, and
kaons to estimate the muon and neutrino fluxes. The neutral
mesons mostly decay into photons that are absorbed in the
targets and are thus neglected in the calculation. Leptons
and their antiparticles are not differentiated unless specified
otherwise. We compute only νμ flavor of neutrinos since the
νe flux is much smaller than the νμ at high energies in both
gases [39] and solids. For the same reasons, the neutral
kaons, in particular KL, are neglected here, although they
are important for estimating high energy νe fluxes (but not
for μ and νμ).
Our semianalytic calculation focuses on the neutrino

energy range above 1 GeV. At lower energies, processes
like particle stopping, which are not included in the
calculations, begin to play a major role. Moreover, solar
modulations and geomagnetic fields filter out the cosmic
rays with energy below ∼10 GeV and thus reduce the
secondary lepton fluxes around ∼1 GeV [39]. We also
assume the neutrino mean free path to be infinitely long in
matter, which breaks down when the neutrino energy is
high enough. For example, the mean free path length inside
Earth could be reduced to Earth’s diameter when the energy
is on the order of 105 GeV (see Fig. 8.5 in Ref. [39]). Such
energy thresholds are even higher for the Moon and other
objects with smaller sizes. In these situations, our results
could overestimate the direction-integrated neutrino flux by
a factor of two or less due to counting the neutrinos that get
absorbed before they could emerge, if possible at all, from
deep underground.
In addition to the production channels described above,

there is also the prompt contribution to the lepton fluxes due
to the decays of ultrashort-lived particles such as charmed
hadrons. As briefly mentioned in Sec. II, their contributions
to the lepton fluxes are similar in gases and solids. They
have the same energy dependence as the low-energy flux in
the atmosphere, which scales with lepton energy as E−ðγþ1Þ.
Here, γ is related to the primary proton flux (cf., Eq. (B2) in
Appendix (B1)), whose energy dependence, to a good
approximation, is also E−ðγþ1Þ. Therefore, these prompt-
component fluxes can be parametrized by a multiplicative
rescaling factor (Rν or Rμ) applied to the corresponding
low-energy flux in the atmosphere [39]. In contrast, the high
energy lepton fluxes due to pions and kaons in both gases
and solids (∝ E−ðγþ2Þ) are softer, which is also why the
prompt component eventually dominates at high enough
energies. More details about the prompt component are
provided toward the end of Appendix B 2.
According to Ref. [39], Rν is on the order of

8× 10−4 ≡ R̄ν, while Rμ should be less than 2× 10−3 ≡ R̄μ.
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In Fig. 6 in Appendix B 2, we compare our prompt neutrino
flux results with a recent evaluation based on perturbative
quantum chromodynamics (QCD) [58] that satisfies the
IceCube upper limit [59]. Our results with Rν in the range
0.1–0.5 R̄ν show decent agreement with the pQCD cal-
culations for Eν below 105 GeV and above 105 GeV,
respectively.
The estimated neutrino fluxes out to 1012 GeV are given

in Fig. 3, where we compare our Geant4 simulations for the
Earth, Moon, and ice ball geometries at representative
depths, against our semianalytic calculations and various
results from the literature. As a benchmark, there is a
good agreement between our calculation for the Earth
and Ref. [60].
In addition to the Rν ¼ 0 curves, we present the neutrino

fluxes withRν varying between 0.1 R̄ν and 0.5 R̄ν as a colored
band of allowed values. As already mentioned, this Rν range
is consistent with existing constraints. Due to the prompt
component, neutrino fluxes in environments with and without
atmosphere converge for energies above 107 GeV or so.
We next consider muon fluxes in these locations. Muon

energy loss when traversing matter must be taken into
account, which can be implemented by enforcing the X
(column depth) dependence of its energy. To model that
dependence, we use a standard approximation for the
stopping power of penetrating particles [39,63],

dE
dX

¼ −αðEÞ − E
ξ
: ð2Þ

Here, α is the energy loss due to ionization, and the second
term models radiative processes that rapidly slow particles

at very high energies. More details about muon’s energy
loss can be found in Appendix B 3.
Figure 4 shows the energy-integrated muon flux vs depth

underground at different environments from our semian-
alytical calculations, compared against our Geant4 simu-
lations. The known experimental data for a few
underground sites on Earth [64] are also plotted as bench-
marks. We show the range of the semianalytic results with
Rμ between 0 and its upper limit R̄μ. For a given Rμ, we
change the α parameter in Eq. (2) from 2 to 2.8—a range
associated with varying muon energy between sub-GeV
to 10 TeV—to get a sense of uncertainty due to α’s
energy dependence. The Earth estimates are consistent
with measurements at various underground laboratories.
Although the prompt component has little impact on
Earth’s muon flux, it is significant in other two environ-
ments. For example, within the Moon, the prompt compo-
nent starts dominating at 100 meters below the surface.
Also note that, as shown in Fig. 4, when the depth is large
enough on Earth or Moon, the muon flux flattens to a
minimum value, corresponding to the depth-independent
neutrino-induced muon flux [39].

IV. SIMULATION OF SECONDARY NEUTRINO
AND MUON PRODUCTION

The semianalytic calculations described in the previous
section are accurate for modeling high-energy cosmic ray
fluxes where DIF dominates. At low energies where DAR
dominates, various physics effects, including particles being
scattered off into different directions, mesons’ energy loss,
and their absorption by surrounding nuclei with nontrivial

FIG. 3. Comparison of our semianalytic (lines) and Monte-Carlo (crosses, dots in middle) estimations of the neutrino flux at the Earth
(1 km depth), the Moon (100 m depth), and the center of a 1 km-radius ice ball (100 m depth), in comparison with flux evaluations in the
literature [60–62]. The Rν band for the moon lies directly underneath that of the ice ball. Inset: Closeup of the 5 MeV–1 GeV region for
the Earth and the Moon (the ice ball fluxes are similar to those on the Moon), additionally showing the contributions from just the ν̄e
flavor (drawn in lighter shades), including oscillation.
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energy dependence, are highly non-negligible but either not
included or not correctly represented in Eq. (1). To account
for these, and to compare against established results, we
performed Monte Carlo simulations of primary cosmic rays
impinging on celestial bodies using Geant4 [65–67]. We
use Geant4 v10.5.1 with the NuBeam physics list for
accurate neutrino production [68]. NuBeam is based on
the “FTFP_BERT” physics list, which models hadronic
interactions below a few GeV with the Bertini intranuclear
cascade model and higher-energy interactions using the
Fritiof parton model, supplemented with a compound model
to de-excite the final-state nucleus. NuBeam uses slightly
modified energy ranges over which the Bertini or Fritiof
models are invoked, and for high-energy protons above
100 GeV, it switches to a quark-gluon string model. We
emphasize that this physics list is not expected to accurately
model (if at all) the generation of very short-lived particles
(represented by ϕc in Fig. 1) that generate the highest-
energy muons and neutrinos in the underground flux. Thus,
while we expect the simulations to give a more accurate
picture at low energies, we expect them to fall below the
semianalytic calculations at high energies.
Planetary geometries were implemented using the geom-

etry description markup language (GDML) [69], consisting
of concentric spherical geometric shells with appropriately
chosen composition and density. The Earth, the Moon, and
ice balls with radii 100 m, 300 m, and 1 km were simulated.
The ice ball geometry was modeled as a simple sphere of
solid water ice of density 0.9 g=cm3.
The interior of the Earth was modeled following the

preliminary reference Earth model [70], except that the
average density of the upper crust was changed from
2.6 g=cm3 to 2.83 g=cm3 to account for the fact that

physics experiments are performed within the continental
crust. The atmosphere was modeled following the U.S.
Standard Atmosphere (1976) [71].
For the lunar interior, we used Ref. [72]. The crust is

mostly plagioclase, modeled here as an even mixture
of CaAl2Si2O8 and NaAlSi3O8, with a ∼30% admixture
of Al2O3. We include a 7.5-m-thick regolith on the surface
of the moon composed of crust material at nearly half its
density [73]. The upper mantle comprises orthopyroxene,
modeled here as an even mixture of MgSiO3 and FeSiO3.
The olivine lower mantle is modeled as an even mixture of
Mg2SiO4 and Fe2SiO4. The middle mantle is taken to be an
even mixture of orthopyroxene and olivine. Like the Earth,
the moon’s core is assumed to be 90% Fe and 10% Ni.
Primary event generation was performed starting from an

incident primary cosmic ray proton. The primary cosmic
ray differential flux energy spectrum was taken from the so-
called local interstellar spectra (LIS) in which the cosmic
ray flux suppression at an energy below 10 GeV due to the
solar magnetic field is neglected [74]. At higher energy, the
flux scales as E−ðγþ1Þ. Although that spectrum falls steeply
with energy, the neutrino and muon production mecha-
nisms increase sharply with energy. To achieve reasonable
statistics for the most important processes, primary protons
were generated with an energy spectrum flat in lnðEÞ
between 0.3 GeV and 30 TeV, and results were reweighted
to correspond to the primary differential flux spectrum. The
upper limit on the energy range was chosen to avoid
excessive computation times and memory overruns in the
simulations. The results are essentially unchanged when
the lower limit is pushed to lower energies. Details on the
weighting factors are given in Appendix A.

FIG. 4. Total muon flux vs depth for three geometries, for simulation (crosses, with dots in middle) and for their corresponding
semianalytic predictions with Rμ ¼ 0 and R̄μ. The shaded bands correspond to the range α ¼ 2 − 2.8 MeVg−1 cm2. For comparison, we
plot measured muon fluxes at various depths (on Earth) [64].
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Since we are interested in both muons and neutrinos,
it was important to simulate a flux of primary protons
impinging isotropically on the body of interest. Performing
a simulation of cosmic rays impinging isotropically on a
planet with a single detector location beneath its surface is
highly inefficient since most cosmic rays will not reach the
detector location. So, as illustrated in Fig. 5, we instead
simulated a uniform flux of primary protons normal to a
disk of radius larger than that of the planet (including its
atmosphere) and used diagnostic spherical shells at differ-
ent depths inside the planet to record the fluxes of
secondary particles that traverse them. The spherical
symmetry of the planetary geometry then allows each
traversal, after multiplication by an appropriate weighting
factor, to contribute to the statistics for the corresponding
depth. This method is inaccurate at low statistics because
the traversals in a particular simulated event are correlated.
However, such correlations are negligible at the high
statistics required to capture the essential low-energy
features of the cosmic ray secondaries while matching to
the semianalytic expressions at higher energy.
For each geometry, at least 5 × 106 primaries were

generated,2and the double-differential flux of each lepton
flavor was computed as a function of depth. At these
statistics, tertiary production, e.g., of muons generated by
atmospheric neutrinos, is negligible. For neutrinos, 3-flavor
neutrino oscillation probabilities were applied using the
current best-fit parameters in the PDG [63].

The simulations were benchmarked successfully against
measurements and expressions derived for the Earth, found
in Ref. [39]. We find that the total cosmic ray muon fluxes
at the surface of the Earth are reproduced to within
30%–40%, a surprising level of agreement given the
approximations used and the exponential showering and
attenuation processes involved between the primary proton
interactions in the upper atmosphere and the propagation of
interacting daughters through the atmosphere. The simu-
lations also reproduce the expected energy and angular
distributions well at the surface and depth.
In Fig. 3, we plot the simulation results for neutrinos

alongside the semianalytic computations at different sites. As
expected, the Moon simulations reproduce the expected low-
energy spectral features due to muon and pion decay that are
not included in the semianalytic calculations, but do not
capture the prompt component that is prominent at high
energy. The simulations also fall below the semianalytic
calculations above 1 TeV due to the absence in the simulations
of contributions from primary cosmic rays with energies
above 30 TeV. Nevertheless, between 1 GeV and 1 TeV the
two computations show good agreement, so we use them to
derive the results and conclusions below. For the Earth’s
(atmospheric) neutrino flux, the semianalytic estimates and the
result from Ref. [60] all agree with the simulations. However,
when the energy is below 1GeV, the simulation result is above
the result from Ref. [60]. This is presumably because our
simulations rely on the LIS primary spectrum [74], which
does not account for the suppression of the primary cosmic ray
flux due to solar modulation and geomagnetic field.
In Fig. 4, we compare the underground muon flux versus

depth for the Earth, the Moon, and the ice ball. We find the
simulation reproduces shallow fluxes well but begin to fall
below the semianalytic calculations at greater depths. The
same overattenuation may be responsible for the sup-
pressed total muon flux at the surface of Earth. This is
not unexpected; simulating the exponential attenuation of
penetrating cosmic rays is notoriously difficult, even when
starting from the measured surface cosmic ray spectrum,
and often ad hoc renormalizations are required (see, for
example, [75]). Considering that we have initiated our
simulations from primary protons in the upper atmosphere
on Earth or from the surface of the Moon or ice ball, this
level of agreement in the absolute flux—within a factor of
∼2 for depths of experimental interest—is relatively good.

V. NATURAL GAMMA RADIATION

To achieve the low backgrounds required for rare event
searches, fundamental physics experiments typically must
shield against natural radioactivity in the surrounding
material. Chief among these is the gamma emissions of
the 238U and 232Th decay chain species, as well as 40K.
Other contributors include ðα; nÞ reactions from these same
decay chains and cosmogenic activation products with long
half-lives. We assume here that experimental shielding

FIG. 5. Illustration of the methods utilized by our Geant4
simulation, shown here for a simplified version of the Earth
geometry. Concentric spherical volumes are used for the atmos-
phere (diffuse blue), surface (green), and interior shells (brown,
red, yellow, dark gray). Proton primaries (magenta) are generated
from a large circular area (light gray) above the outermost shell.
The tracks of two typical secondary particles are shown, a
neutrino (blue) and a muon (red), with the yellow star at the
production point. For a given shell crossing point (black dot), the
particle energy, depth (dμ;ν) and local zenith angle (θμ;ν) are
saved, in order to calculate energy, flux, and for neutrinos, the
oscillation amplitude.

2Total primaries generated: Earth, 6 475 600; Moon,
4 999 900; ice ball with 100 m radius, 10 109 900; ice ball with
300 m radius, 10 109 300; ice ball with 1 km radius, 10 109 700.
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design will be driven, like it is on Earth, primarily by the
need to reduce U/Th/K gamma radiation. The investigation
of the other components is left for future work. Natural
backgrounds can also take the form of neutrino emissions
by U/Th/K species, however we assume here those levels to
be negligible; in fact, observing them, along with the
gamma ray fluxes themselves, would provide important
inputs for planetary formation and composition science.
With half-lives much longer than the age of the Earth, 238U,

232Th, and 40K were present in the primordial material from
which the planets and other solar system objects were born.
Chondritic meteorites are thought to be formed by direct
accretion of that primordial material. Thus, the concentrations
of these species can be taken as expected average levels
throughout the solar system. A meta-analysis in [76] gives
chondritic concentrations of 7.4 ppb U, 29 ppb Th, and
550 ppm (elemental) K (the abundance of 40K inK is 0.012%).
The different evolution histories of various celestial

bodies will result in varying primitive concentrations of
these species, but perhaps not by many orders of magni-
tude. A sophisticated estimate of these and other elements
in the primitive Earth, incorporating chemical and petro-
logical modeling as well as seismic data, gives a bulk K
concentration that is just half of that in chondritic mete-
orites, while U and Th concentrations are estimated to be
around three times higher than their chondritic values [76].
However, subsequent processes can lead to significant
variation. For example, in the Earth, these elements are
excluded from its liquid iron core; convection and geo-
chemical processes result in migration from the mantle to
the crust, where concentrations reach 3 ppm U, 10 ppm Th,
and 3% K [77]. Similar processes occurred on the moon
andMars, but presumably to a lesser extent. Assays of lunar
surface rocks retrieved by Apollo missions give concen-
trations that are lower than values on the Earth by a factor of
7 for U/Th, and by a factor of 50 for K [78]. Likewise,
investigations of heat-producing elements on Mars based
on meteorite data, gamma-ray measurements, and seismic
data estimate concentrations of 0.2–0.4 ppm U, 0.9–
1.4 ppm Th, and 0.5–0.8% K in the Martian crust [79].

Concentrations of radioisotopes in water require special
consideration. Levels of 238U in seawater are on the order of
3 ppm, similar to levels in the crust. Th, however, is not
soluble in water and settles to the ocean bottom, leaving
residual levels of 232Th on the order of 100 ppt [80]. And
while the upper 238U chain remains intact, its decay
proceeds through other species, including Th, resulting
in a strongly broken secular equilibrium. Measurements of
226Ra, which supports the energetic gamma decay isotope
214Bi that is a ubiquitous background in rare event searches,
indicate concentrations on the order of 0.04 ppq near the
ocean surface, and higher by a factor of 2–4 near the ocean
floor [81]. This is on the order of 104 times less than what
would be expected from secular equilibrium with 238U. The
lower 238U chain (210Pb and below) could be out of
equilibrium with the midchain isotopes. However, the
radiation in the lower 238U chain is typically from alpha
or low-energy beta decays, which can be stopped with
modest shielding. Finally, K has a natural concentration in
seawater of 0.04% [82], corresponding to 48 ppb 40K.
Purification of water to ultrapure (18.2 MΩ) levels

(<0.1 ppt U/Th, 40 ppt K) [83] is possible via processes
such as distillation, reverse osmosis, filtration, and degass-
ing, and has been achieved for very large volumes of water
for example by the Super-Kamiokande Collaboration [84].
With a recirculation rate of 30 t=h, Super-Kamiokande
measured residual Rn levels of just 0.2−2 mBq=m3 [85],
indicating that the purification process was achieved with-
out significant injection of Rn or its supporting Ra parent.
Thus, in principle, radioactive backgrounds can be purified
from a liquid water environment to negligible levels.

VI. RESULTS AND DISCUSSION

In this section we synthesize the results of our semi-
analytic and Monte-Carlo investigations for the various
extraterrestrial sites of interest. We focus on background
reductions relative to terrestrial experiments, with the
key results summarized in Table II. Extrapolation to
improvements in sensitivity for specific experimental

TABLE II. Neutrino, muon, and gamma-ray flux suppression factors at different extraterrestrial sites relative to
Earth. Here we assume Rν ¼ 0.1–0.5R̄ν and Rμ ¼ R̄μ. “Low-” and “mid”-energy ν refer to neutrinos with 20 <
Eν < 50 MeV and 50 MeV < Eν < 100 TeV, respectively; higher energy neutrinos are dominated by the prompt
component that is similar for all environments. Muon suppression is expressed as an equivalent muon flux depth on
the Earth, Dμ.

Name Solar ν Low-E ν̄e Mid-E ν Dμ U Th K

Lunar pit (∼100 m) 1 3–10 103 1 km 7 7 50
Mars lava tube (∼100 m) 2 1 1 100 m 10 10 5
Asteroid (100 m bore) 2–25 3–10 103 1 km 100 100 100
Europa (>10 km boreþ sub:) 25 3–10 103 >10 km 104 105 100
Rhea (1 km ice bore) 100 3–10 103 1 km 100 100 100
Comets (1 km ice bore) Var. 3–10 103 1 km >100 >100 >100

Ice ball (1 km radius) Var. 3–10 103 700 m >104 >108 109
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configurations and physics searches is beyond the scope of
this work. We point the interested reader to, for example,
the projections in [38] for lunar WIMP searches, which
show improved sensitivity by factors of 2–5 relative to
terrestrial experiments, in qualitative agreement with
our work.
Figure 3 shows that in bodies without atmosphere, even

at shallow depths, the cosmic ray neutrino flux between
50 MeVand 100 TeV is ∼3 orders of magnitude below that
of even the deepest locations on Earth. This result validates
our argument made at the outset that the short stopping
lengths in a solid body without an atmosphere lead to great
reductions in DIF fluxes. At low energy, we see in Fig. 3
and its inset that the simulation over-produces neutrino
fluxes on the Earth, as compared to the recommended value
from Ref. [60]. As mentioned before, this is likely because
our simulations use the LIS flux as the primary cosmic ray
flux, which does not include the low-energy flux suppres-
sion effect due to the solar modulation and Earth’s magnetic
fields.
If we specialize to ν̄e, its π DAR creation is highly

suppressed thanks to nuclear π− and μ− capture processes.
However, when including neutrino flavor oscillation, the
fluxes between different flavors tend to average out3; the ν̄e
flux at 100 m depth presented in the plot is only a factor of a
few smaller than the flux of Earth’s atmospheric ν̄e.
Meanwhile, our simulation does not have the solar-modu-
lation-induced suppression on primary cosmic ray flux.
Therefore, in the bodies located in the inner solar system, ν̄e
could be smaller than our simulation. For example, based
on the ratio between our simulation of Earth’s atmospheric
neutrino flux and the recommended value [60], we can infer
the impact of the solar magnetic field. Including that factor,
we expect that there may be some enhanced sensitivity
(around a factor 10) to DSN ν̄e signals in such environ-
ments without atmosphere. However, given the uncertain-
ties in our calculations, this conclusion is only tentative and
requires further study.
The three bodies explored in Fig. 4 show qualitatively

different muon flux dependence on depth. The under-
ground muon flux on Earth, down to depths of several
km, is dominated by high-energy muons generated during
decay-in-flight of atmospheric hadronic shower seconda-
ries. In the two bodies without atmosphere, we confirm the
expected rapid suppression of those DIF muons in the first
∼100 m of depth. At greater depth, however, if Rμ is near
its maximum value R̄μ, we expect the prompt component to
become dominant quickly. In the case of the ice ball, the
lower density of ice leads to a less-rapid flux suppression
with depth, and the flux plateaus near the center of the
object due to geometrical effects. Still, we find that even

with a maximal prompt component, one can achieve
cosmic ray muon rates equivalent to those of several of
the Earth’s deepest laboratories at depths of only ∼100 m
or greater on the moon or at the center of a 1 km ice ball. We
further note from Fig. 4 that bodies without atmosphere
show a reduced “muon floor,” where the muon flux
plateaus at the deepest depths due to neutrino-induced
muon production. This reduction is a direct consequence of
the reduced DIF neutrino fluxes at medium energies visible
in Fig 3. For bodies without atmosphere, this muon floor is
expected to scale as the inverse of the density at the body’s
surface since a higher surface density results in more rapid
stopping of energetic particles.
These considerations along with our earlier discussions

can be used to estimate expected reductions in cosmic
muon, neutrino, and gamma ray fluxes in all of our sites of
interest. We summarize the results in terms of suppression
factors in Table II. For muons, we express the suppression
in terms of the equivalent depth on the Earth Dμ that has a
similar muon flux. For neutrinos in addition to solar
neutrinos, we discuss cosmic-ray-induced neutrinos in
two different energy ranges. At low energies, the fluxes
are mostly from DAR and have little depth dependence. At
higher energies, the fluxes are generally suppressed by a
factor on the order of 103–104, which is the ratio of gas
density and solid density. At even higher energies, the
prompt component starts dominating in these sites, and
eventually, the suppression factor decreases to ∼1 at high
enough energy. The exact critical energies are not clear
because they depend on the not-well-constrained prompt
component. We discuss each site of interest in the
following.
The moon represents a great opportunity for fundamental

physics measurements. Not only is it the closest celestial
body with no atmosphere, as mentioned earlier, but it is also
confirmed to have existing lava tubes with overburdens on
the order of 100 m of rock. An experiment could thus be
fielded without significant excavation, a major advantage.
Atmospheric neutrino backgrounds would be much lower
than those on Earth. At low energy, a few tens of MeV, the
ν̄e shows some suppression, opening a window for DSN
observation. Depending on the strength of the prompt
contribution, the muon flux will be equivalent to or
even lower than those of the deepest laboratories on
Earth. An exploratory mission, for example, at the Mare
Tranquillitatis pit [45] to measure or constrain this prompt
component would be a valuable and feasible endeavor. This
component has been elusive in experiments on Earth but is
important to particle astrophysics and high-energy nuclear
physics [39]. Simultaneously measuring gamma-ray fluxes
in the environment would also provide an interesting cross-
check of lunar surface rock radioassays.
For Mars, we do not expect significant suppression of the

neutrino and muon fluxes (see Appendix B for a detailed
discussion). Even though the vertical column depth on the

3The previous work [33] did not consider the neutrino
oscillation effect and thus concluded with strong sensitivity
enhancement for DSNs on the Moon.
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surface of Mars is only ∼1=100th that of Earth, its absolute
value, 150 g=cm2, is similar to what is needed for pion
fluxes to develop to their maxima. Meanwhile, the column
depth slowly varies with physical height h above the
surface according to Xv ¼ X0e−h=h0 . The typical length
scale h0 is similar to that on Earth (∼6.5 km). This indicates
that on the order of a few kilometers above the surface of
Mars, the pion flux reaches its maximum. Within such a
long distance, pions with energy below 100 GeV will decay
and produce energetic neutrinos and muons. As a con-
firmation, a detailed Geant4 simulation of the radiation near
Martian surface in Ref. [86] shows similar surface muon
rate (see the Fig. 2 therein) as the surface rate on the Earth
(see Fig. 4 at zero depth). However, a gamma-ray flux
measurement in a Martian lava tube would still provide
an interesting input to planetary formation models and
potentially help resolve uncertainties in Martian structure
analyses [79].
Asteroids represent the nearest bodies that offer a

significant reduction in solar neutrino fluxes by factors
of 2–25 depending on their solar orbital radius. Their
density and size show a large range of variation, but muon
and low/mid-energy neutrino flux suppression factors
between those of the Moon and our ice ball geometry
can be expected. For gamma radiation, one anticipates
levels similar to that of the primordial Earth, offering
roughly two orders of magnitude reduction relative to the
Earth’s crust. We also note that the low gravity on asteroids
makes excavation much less energy-intensive than on
Earth. A preliminary mission, perhaps piggybacking on
a private-sector endeavor, to measure muon and gamma-ray
fluxes would have substantial scientific value.
A surprise finding is that Europa potentially provides a

significant reduction for all cosmic and gamma ray fluxes
relative to the Earth, provided one can bore through its
∼10 km solid-ice crust in surface temperatures of 50–
100 K. Drilling into ice on scales beyond 1 km has at least
already been achieved by the IceCube Collaboration [87].
A detector submersed in the liquid water just below the
crust would have suppressed cosmic ray neutrino fluxes
similar to those on the moon. Muon fluxes would be at
Europa’s muon floor, roughly twice that of the Moon’s
and much lower than levels achievable on Earth. The
gamma radiation from U and Th would be reduced by
many orders, leaving a dominant contribution from 40K
that is still two orders of magnitude lower than that on
Earth. Solar neutrinos would be suppressed by a factor
of 25. As a distant body containing liquid water, there
is a very exciting possibility that Europa harbors life,
implying an opportunity for piggyback missions in
astrobiology, but accompanied by stringent sterilization
requirements so as not to contaminate the pristine Europa
ecosystem.
Rhea, like Europa, is distant from the sun and has an icy

composition. While Rhea offers an additional factor of four

lower solar neutrino background over Europa, it is most
likely made of a mixture of rock and ice, and does not
appear to harbor a large liquid water volume below its
surface. It is thus unlikely that boring can be achieved by
simply melting the ice, and the gamma ray fluxes are likely
to be similar to those of asteroids.
Comets are thought to be composed mostly of frozen

ammonia, methane, carbon dioxide, and water mixed with
rock, and thus would provide a composition perhaps similar
to Rhea’s in terms of boring technique, but likely with
improved natural radiation levels. A comet with a highly
elliptical orbit could potentially transport an experiment
much further from the sun, achieving a much lower solar
neutrino flux. A comet-based science endeavor could
piggyback on a mining mission. The demonstration of
the ability to harvest water from a comet could simulta-
neously achieve commercial goals while laying the ground-
work for a future ice ball endeavor. However, highly
elliptical comets are naturally volatile environments, and
one would need to deal with instabilities and coma
generation while the comet is near the sun.
Should water harvesting prove viable, one can imagine

subsequently purifying the water and using it to fill a giant
balloon surrounding an experimental apparatus and then
slingshotting the apparatus into a highly elliptical orbit. A
reflective balloon material would help minimize the impact
of solar radiation, and the water would freeze on its own
before the balloon reaches the frost line on its way to the
edges of the solar system. Such an ice ball would provide
all of the advantages of Europa in terms of low cosmic
neutrino fluxes, but with potentially greatly reduced solar
neutrino and gamma ray fluxes, at the cost of a somewhat
higher muon flux. In addition to its scientific value, such an
object would also serve as a water reservoir in outer space,
a potential asset.
Finally, although this study is focused on implications

for rare event search experiments, its counterintuitive
central finding that the presence of an atmosphere
enhances cosmic-ray-induced radiation underground,
could be important to studies outside of physics, such
as the search for extraterrestrial life [88] and underground
radiobiology [89–91]. For example, radiobiology studies
are being performed in various terrestrial underground
laboratories to take advantage of their low level of
radiation; we therefore expect this work to be potentially
relevant there.

VII. COMPARISON WITH PREVIOUS STUDIES

In the 1980s and early 1990s, several studies addressed
cosmic-ray-induced neutrinos on the Moon and the poten-
tial advantage of hosting neutrino detection experiments
there. In the energy region above GeV, mostly via simple
estimations, Refs. [29–32] came to qualitatively similar
conclusions as we have about the suppression of the lunar
neutrino flux relative to the atmospheric neutrino flux
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on Earth.4 Later, Ref. [37] performed more detailed semi-
analytical calculations of neutrino fluxes in the energy
region above 1 GeV. The results are qualitatively similar
to ours.
In the energy region below GeV, Refs. [32,33] explored

the potential advantage of detecting DSNs on the Moon.
However, their estimates of cosmic-ray induced neutrino
fluxes [33], including the full and ν̄e fluxes are qualitatively
different from ours. Their full neutrino flux was assumed to
be the same as the flux at 1 GeV; when estimating ν̄e, the
neutrino oscillation effect, which tends to average out the
difference between electron and muon flavors, was not
included. Consequently, their cosmic-ray-induced ν̄e flux
on the Moon was underestimated. Several MC simulations
were also performed [34–36] for the cosmic-ray induced
neutrinos on a cylinder solid target, but those flux results,
which are several orders of magnitude smaller than ours, do
not directly apply to the Moon.
Most previous work has focused on the Moon hosting

neutrino detection experiments at both low and high
energies. The potential relevance to other rare event
detection experiments is typically not discussed. We note
Ref. [92] mentions dark matter, proton decay, double beta
decay, and the prompt component detection on the Moon,
but does not provide quantitative estimates of muon fluxes.
Recently, Ref. [14] simulated the cosmic ray radiation on

the Moon, exclusively focusing on observing the neutrino
fluxes from the moon on the Earth. The authors carefully
studied the impact of such neutrino background on dark
matter detection. Their results were used in Ref. [38] to
infer the neutrino fluxes inside the Moon at a depth of 1 km.
However, our results, including both simulation and semi-
analytical estimations, imply somewhat greater suppression
factors, possibly arising from the neglect in this work of
solar modulation and geomagnetic fields. According to
[38], at 0.1 and 1 GeV, the neutrino flux ratios between the
Earth and theMoon are factors of 10 and 100 respectively, a
factor of ∼3 smaller than the ratios in this work. Also, the
approach of reducing solar neutrino flux via moving
detectors further away from the Sun was discussed in
Ref. [15]; however, the study did not address muon fluxes
and cosmic-ray-induced hadronic showers.
In comparison, our work conducts a study of neutrinos

and muons in extraterrestrial sites. We report neutrino and
muon fluxes at characteristic depths over a large energy
range, and provide additional information on the origin of
various types of background signals (cosmic-ray induced,
natural radiation, and solar neutrinos). Additional sites of
interest beyond the Moon are discussed. We note again that
previous work has not considered underground muon

fluxes in these locations. So far, this is the only work that
implements both semianalytic calculations and computer
simulations, benchmarks them in the overlapping energy
ranges, and then extends the energy ranges using the two
approaches.

VIII. CONCLUSIONS

We have investigated solar neutrino, cosmic neutrino,
cosmic muon, and natural gamma-ray fluxes in various
extraterrestrial sites of scientific interest. Our results
for suppression factors in these fluxes over those of
underground laboratories on Earth are summarized in
Table II. A combination of semianalytical calculations
and Monte Carlo simulations were employed to understand
the cosmic-ray-induced neutrino and muon fluxes. We
achieved good agreement between these calculations at
medium neutrino energy ranges and shallow depths. The
Monte Carlo simulations helped us understand the low-
energy neutrino and muon fluxes that can be dominated by
decay-at-rest signatures in bodies without atmosphere. The
semianalytical approach provided a handle on the prompt
component contributions that are missing in the simulation
physics.
Generally speaking, sites without atmosphere show a

suppression of cosmic neutrino fluxes on the order of
103–104 in the mid-E range. At the low-E region, the total
neutrino flux is not substantially suppressed, but we expect
ν̄e flux to be suppressed by a factor of ∼10 after including
neutrino flavor oscillation. The underground muon fluxes
in these environments are strongly suppressed as well. For
example, 100 m deep in the moon, the muon flux is similar
to that at a depth of 1 km in the Earth. At the deepest depths,
the muon fluxes approach a neutrino-induced floor. Again,
this minimum is drastically reduced at sites without
atmosphere, e.g., by a factor of ∼1000 if we compare
the Moon to Earth. The natural radiation at most extra-
terrestrial sites also shows promising potential reductions
compared to that on the Earth. We found that it can be
reduced to essentially negligible levels, particularly in
water environments. Distant bodies or bodies in highly
elliptical orbits can also provide greatly reduced solar
neutrino fluxes simply due to the 1=r2 scaling of that flux.
In these environments, significant sensitivity improve-

ments can be achieved for rare-event searches such as dark
matter direct detection and neutrinoless double-beta decay,
for which those fluxes pose problematic backgrounds. We
also note that lower natural radioactivity implies greatly
reduced gamma ray shielding requirements. Of the sites
considered, Jupiter’s moon Europa, along with a human-
made ice ball in a highly elliptic orbit emerged as the two
most potentially advantageous sites for scientific discovery.
Considering the obvious challenges of performing rare

detection experiments in such sites, we propose a succes-
sive approach. A near-term project could measure the muon
and gamma-ray fluxes in lunar lava tubes by piggybacking

4Ref. [31] made an interesting additional observation: the
Earth subtends a solid angle of 5 × 10−5 out of 4π on the Moon,
so the Earth’s atmospheric neutrino flux that reaches the Moon is
suppressed by 10−5 to 10−6 relative to its magnitude on Earth.
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on current Moon exploration efforts. Such a mission would
discover and constrain the prompt component of cosmic-
ray-induced particle production, which is important for
particle physics and astrophysics, and could also measure
gamma radiation to constrain planetary evolution models.
Science missions performed jointly with asteroid or comet
mining expeditions could provide similar important mea-
surements for those bodies, while simultaneously demon-
strating drilling and water harvesting technologies that
could enable future missions.
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APPENDIX A: SIMULATION GEOMETRY
AND WEIGHTING FACTORS

Our simulations generate a large number of proton
primaries for various geometries, including the Earth,
Moon, and ice ball. From these primaries, we examine
the secondary muons and neutrinos, which reach a labo-
ratory depth of interest. We then evaluate the flux of
secondary muons and neutrinos produced by these high-
energy primaries. The relevant production channels are
shown in Fig. 1. In our simulation, we take advantage of the
fact that the target is a sphere and the cosmic ray flux is
isotropic. The setup, shown in Fig. 5, significantly
increases the simulation efficiency. The target radius is
rplanet, including the atmosphere if it exists. Primary protons
are generated in a circular plane with a radius rgen that is
somewhat larger than rplanet. The protons are generated
uniformly along the normal direction (defined as the
vertical down direction in Fig. 5). For the Moon, for
example, rplanet ¼ 1737 km. We set up detectors at the
depth d at all the locations on the sphere with radius
rplanet − d (e.g., the surface of the yellow ball in Fig. 5).
Note for the Earth (or a general target with the atmosphere),
d is measured relative to the atmosphere, not sea level.

This simulation setup, including the geometry and the
radiation sources, is different from the physical situation in
which the cosmic ray particles radiate at each location on
the surface of the target from every angle isotropically.
However, based on the rotational invariance of the system,
we can infer the physical flux of a secondary particle at a
given depth d and a given location on the full sphere with a
radius rplanet − d from counting all the particles crossing the
full surface. We examine energies of neutrinos and muons
at all shell crossings. A geometric correction factor is
included to reweight those crossings:

wg ¼
πr2gen

nPðrplanet − dÞ2jcosðθiÞj
ðA1Þ

Here, nP is the total number of simulated primary protons,
θi the angle between the secondary particle direction and
the radial direction (local zenith angle). The nP in the
denominator ensures the flux results are normalized over
the number of primaries generated. The wg factor was
checked in the simulation using noninteracting primaries.
In this case, the flux at each depth should be the same as the
primaries.
All nucleons in cosmic rays are treated as protons to a

good approximation. For the energy distribution of the
primary proton flux, we employ the so-called local inter-
stellar spectra (LIS), i.e., the spectra without solar magnetic
field modulation. Therefore, the low-energy secondary
particle fluxes could be overestimated in our simulations.
Above 100 GeV, it is the same as the flux of galactic cosmic
ray flux given by Ref. [63]:

Φ0E−2.7 ≡ Φ̃CRðEÞ: ðA2Þ

Here,Φ0 ¼ 1.7 × 104=ðm2 sr s GeVÞ [39], and E is taken in
units of GeV. Below these energies, the flux “rolls off” and
flattens. Taking observations from the PAMELA and
Voyager 1 spacecraft, Ref. [74] gives the following LIS
with E under 100 GeV:

ΦpðEÞ ¼ 3719.0
1

β2
E1.03

�
E1.21 þ 0.771.21

1þ 0.771.21

�
−3.18

; ðA3Þ

where the cosmic ray intensity Φp has units of [particles
m−2 s−1 sr−1 ðGeV=nucÞ−1]; β is the dimensionless particle
velocity. The approximate helium LIS is given by

ΦHeðEÞ ¼ 195.4
1

β2
E1.02

�
E1.19 þ 0.601.19

1þ 0.601.19

�
−3.15

: ðA4Þ

We introducew1 as the ratio between the LIS flux and the
one based on the simple power law Φ̃CR in Eq. (A2):
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w1 ¼
4ΦHe þΦp

Φ̃CR
: ðA5Þ

Note above 100 GeV, w1 is set to 1, where Eqs. (A3) and
(A4) lose validity [74] but Φ̃ becomes a good approxima-
tion. Therefore, the cosmic ray spectrum from low to high
energy can be written as

ΦCRðEÞ ¼ w1ðEÞΦ0E−2.7: ðA6Þ

The simulation generates a set of high-energy proton
primaries with E∈ ½Emin; Emax� and Emin ¼ 0.3 GeV, and
Emax ¼ 30 TeV. The upper limit was increased as much
as our computation time allowed. Note that in Fig. 3,
the maximum energy of the simulated neutrinos is
about 10 TeV.
To obtain sufficient simulation statistics across relevant

primary energies, the proton primaries were generated
following an E−1 power law distribution, i.e.,

ρsimðEÞ≡ CE−1; ðA7Þ

C ¼
�
ln
Emax

Emin

�
−1
: ðA8Þ

Here, C normalizes the distribution to be a probability
distribution in the energy range. The simulation results are
then reweighted by a factor w2ðEÞ to correct the energy
distribution back to that of the primary cosmic ray flux,

w2ðEÞ≡Φ0 ln

�
Emax

Emin

�
E−1.7: ðA9Þ

We ultimately weigh each secondary event by the product
w1ðEÞw2ðEÞwg to evaluate the secondary particle fluxes.

APPENDIX B: FURTHER CONSIDERATIONS
FOR SEMIANALYTIC ESTIMATES

In this section, we present our semianalytic approach for
modeling nucleon and charged pion and kaon fluxes in a
medium, the meson decays into leptons (νμ; μ), and the
prompt component in the lepton fluxes. Then, we discuss μ
energy loss and νμ-induced μ creation when the leptons
travel in the medium. The μ energy loss is crucial for
computing μ fluxes as observed underground (i.e., in the
solid), while the νμ-induced μ production provides the
lowest μ flux underground that cannot be reduced further
by going deeper. In the end, we discuss the neutrino and
muon fluxes in the Moon and Mars. We emphasize that the
approach only applies to energetic particles, e.g., νμ and μ
with energies above GeV.
The discussions for fluxes in the gas media mostly

follow Chaps. 5, 6, and 8 from Ref. [39], which are then
generalized for solids. To assist the reader and address the

complexity of the parameters, we consolidate all physical
parameters, their symbols, and their physical meanings in
Table III.

1. Charged pions and kaons

The master equation system [also see Eq. (1)] for
computing particle fluxes NiðEi; XÞ can be expressed as

dNiðEi;XÞ
dX

¼−
NiðEi;XÞ

λi
−
NiðEi;XÞ

di

þ
X
j

Z
∞

E
dEj

FjiðEi;EjÞ
Ei

NjðEj;XÞ
λj

; ðB1Þ

where E is energy, X is the particle’s track length multiplied
by the medium mass density (see Table I for the values), i, j
label particle type, λi is particle-i’s absorption length, and
di is its decay length. In the right side of the equation, the
first two (sink) terms describe the absorption and decay of
particle i. The last (source) term is for the creation of
particle i due to particle j’s interaction with medium, with
the FjiðEi; EjÞ factor, which is proportional to the corre-
sponding j → i reaction cross section, characterizing the
energy distribution of the source.
The flux Ni is a double-differential flux, so that

NiðEiÞdEidΩi gives the flux within dEi of energy Ei

and within solid angle dΩi of direction Ω̂i. The energy loss
of particles is not included here because in gas it is small,
while in solid targets the hadronic interaction length is the
smallest length scale among all the scales including decay
length (for energetic particles) and stopping length (due to
energy loss). For high-energy particles, the FjiðEi; EjÞ
function of two variables can be simplified as a function of
xL ≡ Ei

Ej
alone [39].

To solve the equations, we need to assign an initial
condition for particle fluxes at X ¼ 0. Here, only the
nucleon flux (including the nucleons in cosmic ray nuclei)
is nonzero:

NNðE;X ¼ 0Þ ¼ N0ðEÞ≡ CE−ðγþ1Þ; ðB2Þ

which is the primary cosmic ray nucleon flux at nucleon
kinetic energy E. The values for γ and C can be found in
Table III. In our estimation, we use γ ¼ 1.7 for all the
energies investigated to simplify the calculations, although
for E above 1000 TeV γ ¼ 2 is a better approximation.
We can solve Eq. (1) for particle fluxes when primary

nucleons travel through a medium. For nucleons, the
equation is decoupled from other hadrons [39]:

dNNðEN;XÞ
dX

¼−
NNðEN;XÞ

λN

þ
Z

∞

EN

dE0
N
FNNðEN;E0

NÞ
EN

NNðE0
N;XÞ

λN
: ðB3Þ
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TABLE III. The key parameters and variables used in analytic flux estimation. Numerical values are adopted from Ref. [39],
specifically Tables 5.2, 5.3 and 5.4 therein. For Table 5.2, the “Sibyll 2.3” p-air values are adopted. ZNN combined both p and n values
from Table 5.2. ZNπ , ZNK are the sum of the corresponding values for charged mesons in Table 5.2. For λ and Λ, their adopted values are
those with nucleon energy Elab ¼ 100 GeV from Table 5.4. The particle masses are from Ref. [63].

Symbol Value Definition/Physical Meaning Eq. (first occurrence)

General
γ 1.7 Integral spectral index of primary cosmic rays (B2)
C 1.7 Normalization constant (cm−2 sr−1 s−1 GeV−1) (B2)
Fji � � � Energy distribution of the particle j → i source term (1), (B1)
xL � � � Feynman scaling variable (Edaughter=Eparent) e.g., (B5)

Nucleons (N)
mN 0.94 GeV Nucleon mass � � �
λN 88 g=cm2 Nucleon interaction length (B3)
ΛN 120 g=cm2 Nucleon attenuation length: λN=ð1 − ZNNÞ (B4)
ZNN 0.26 Spectrum-weighted moment for nucleon regeneration (B5)

Pions (π)
mπ 0.14 GeV Charged pion mass � � �
cτπ 780 cm Pion decay length (c× lifetime) � � �
λπ 116 g=cm2 Pion interaction length (B6)
Λπ 155 g=cm2 Pion attenuation length: λπ=ð1 − ZππÞ (B9)
ZNπ 0.066 Spectrum-weighted moment for N → π� production (B11)
rπ 0.573 Mass ratio squared: ðmμ=mπÞ2 (B14)
ϵπ 115 GeV Critical energy for π decay in Earth’s atmosphere (B8)
X̃π � � � Effective decay length constant in solid (cτπρ) (B12)
Zπμ; Zπν � � � Spectrum-weighted moments for π → μ; ν production (B15) (B17)

kaons (K)
mK 0.494 GeV Charged kaon mass � � �
cτK 371 cm Kaon decay length (c× lifetime) � � �
λK 134 g=cm2 Kaon interaction length Like (B6)
ΛK 160 g=cm2 Kaon attenuation length Like (B9); (B19)
ZNK 0.011 Spectrum-weighted moment for N → K� production Like (B11); (B19)
rK 0.046 Mass ratio squared: ðmμ=mKÞ2 (B14)
ϵK 850 GeV Critical energy for K decay in Earth’s atmosphere Like (B8); (B19)
X̃k � � � Effective decay length constant in solid (cτkρ) Like (B12); (B22)
ZKμ; ZKν � � � Spectrum-weighted moments for K → μ; ν production Like (B15) (B17); (B19)

Muons (μ)
mμ 0.106 GeV Muon mass � � �
cτμ 6.6 × 104 cm Muon decay length � � �
ϵμ 1 GeV Critical energy for μ decay in Earth’s atmosphere Like (B8); (B21)
α 2.0 − 2.8 MeV cm2=g Ionization energy loss (2) (B31)
ξ 2.5 × 105 g=cm2 Radiative energy loss parameter (2) (B31)
ϵξ ∼500 GeV Critical energy where radiative losses dominate (αξ) (B32)
NA 6.022 × 1023=mol Avogadro’s number (B37)

Prompt (ϕ)
ϵϕ; X̃ϕ; ZNϕ; Zϕν; Zϕμ Similarly defined as the pion counter parts (B25)–(B30)
Rν ∼10−4 Prompt neutrino flux scaling factor (B27)
Rμ <10−3 Prompt muon flux scaling factor (B28)

Environment
X � � � Slant depth (path length × density) (B1)
θ; Xv � � � Zenith angle, vertical depth (Xv ¼ X cos θ) (B7)
R, g � � � Universal Gas Constant and Gravitational Constant (B8)
h0 ∼6.5 km Atmospheric scale height (RT=Mg) (B8)
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The nucleon flux is then

NNðEN; XÞ ¼ N0ðENÞe−X=ΛN ; with

ΛN ≡ λN
1 − ZNNðγÞ

; ðB4Þ

ZNNðγÞ≡
Z

1

0

dxL x
γ−1
L FNNðxLÞ: ðB5Þ

For the pion flux, we have

dNπðEπ; XÞ
dX

¼ −
�
1

λπ
þ 1

dπ

�
NπðEπ; XÞ

þ
Z

1

0

dxL
NπðE=xLÞFππðEπ; Eπ=xLÞ

x2Lλπ

þ
Z

1

0

dxL
NNðE=xLÞFNπðEπ; Eπ=xLÞ

x2LλN
: ðB6Þ

So far, the discussion has applied to both gaseous and solid
media, but we will discuss these separately in the following
sections because the pion’s behavior is quite different in
each case.
Several length and energy scales are involved in the

calculations, including the pion-stopping length (without
absorption), decay length, and interaction length. These are
depicted in Fig. 2. There is a dependence on pion energy in
gaseous and solid media, with representative densities at
10−3 g=cm3 and 2.8 g=cm3, respectively. For gaseous
media, pion propagation is dominated by decay and
interaction, and thus there is no need to consider pion
energy loss. In solids, the dynamics are dictated by the
interaction length.
To compute the stopping lengths for charged particles

like pions and muons, we solve Eq. (2) [or (B31)] and
arrive at Eq. (B34). Then, based on the fact that cτπ ≈ 8 m
and λπ ¼ 116 g=cm2 (see Table III), we calculate the decay
and interaction lengths respectively.
We now examine Eq. (B6) for gaseous media, referenc-

ing Fig. 5.1 in Ref. [39] for the geometrical model of the
Earth’s atmosphere and the notation used in Eq. (5.61)
therein. A key formula is that the vertical length Xv is
directly related to the pressure, i.e.,

P ¼ gXv; ðB7Þ

with g as the gravitational constant. Meanwhile, the
dependence of Xv (and also P) on height is an exponential
decay to zero when the height approaches infinity. On the
Earth at sea level, the vertical depth is X0 ¼ 1030 g=cm2

(cf., Table A.1 from Ref. [39]). Going back to (B6),
according to Sec. 5.7 in [39], we have

1

dπ
¼

mπ
RT

Mgcτπ

EX cos θ
≡ ϵπ

EX cos θ
; ðB8Þ

with M as the effective mass of gas molecules averaged
across different species, mπ the pion mass, R the universal
gas constant, T the atmosphere temperature, θ the zenith
angle of a particle ray for a detector at the surface, and ϵπ
the pion’s so-called critical energy. In the same way, dK and
ϵK can be assigned to the charged kaons. The values of ϵπ
and ϵK are provided in Table III.
According to Sec. 5.8 in Ref. [39], the solutions to

Eq. (B6) at both high and low energies take simple forms.
When E ≫ ϵπ , pion decay can be ignored, and we have

NπðE;XÞ ¼ NðE; 0Þ ZNπ

1 − ZNN

Λπ

Λπ − ΛN

× ðe−X=Λπ − e−X=ΛN Þ;

with Λπ ¼
λπ

1 − ZππðγÞ
and

ZππðγÞ≡
Z

1

0

dxL x
γ−1
L FππðxLÞ: ðB9Þ

The λπ and Λπ values can be found in Table III. For E ≪ ϵπ,

NπðE; XÞ ¼ NðE; 0ÞZNπ

λN
e−X=ΛN

XE cos θ
ϵπ

: ðB10Þ

Here, in the same way as ZNNðγÞ is defined in Eq. (B5), the
spectrum-weighted moment for the transition N → π is

ZNπðγÞ≡
Z

1

0

dxL x
γ−1
L FNπðxLÞ: ðB11Þ

The values of ZNN and ZNπ in Table III are adapted from
those of Sibyll 2.3 in the p-air column of Table 5.2 of
Ref. [39], which takes into account both charged pions. For
the estimations in solid media, we continue using the same
values for ZNN and ZNπ , since the averaged proton fractions
are close to 0.5 in both gaseous and solid media.
When computing the pion flux in solids, we do not need

to consider energy loss and decay in the medium, as the
interaction lengths are far shorter than the other length
scales. Therefore, we can apply Eq. (B9) for energetic pions
and similarly for the charged kaons. However, we need to
examine the charged pion and kaon decays in solid media
to compute the lepton fluxes. In this case, the factor 1

dπ
in

Eq. (B6) is given by

1

dπ
¼ mπ

Ecτπρ
≡ mπ

EX̃π

ðB12Þ

with X̃π as the π’s decay length in the solid. This is similar
to (B8) with ϵπ → mπ and X → X̃π . The θ dependence is
gone, assuming the solid’s density to be uniform in all the
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sites of interest. This term is key for computing lepton
fluxes, as discussed next in Sec. B 2. For example, we can
see the presence of X̃π and X̃K in the lepton fluxes in
Eqs. (B22) and (B23).

2. Neutrinos and muons from meson decays

In this section we compute the leptons created from
meson two-body decay in both gas and solid. Production
from μ decay and KL and charged kaons’ three-body
leptonic decays is not considered, although they are
important for estimating the νe flux in gas. See Fig. 6.7
in Ref. [39] for a discussion of these neglected components.
Our calculation of νμ flux in gas is thus good for order-of-
magnitude estimates for neutrinos with energies above
1 GeV. Above 100 GeV, it is quite accurate because of the
negligibility of μ decay, see Fig. 6.7 in [39].
For the μ flux in Earth’s atmosphere, we must consider

muon decay. We know that the hadronic activity peaks
about 6.4 km above sea level. In contrast, the decay lengths
of muons with energies around or below 10 GeVare smaller
or comparable to the traveled distance if observed at sea
level (note that cτμ ¼ 0.66 km).
In solids, we only consider νμ neutrinos with energies

greater than 1 GeV and μ with energies at the creation site
that are even higher, as we mainly focus on the under-
ground flux. Since the detectors in our study are a few
hundred or thousand meters below the surface (much
shorter than the decay length), we will ignore the impact
of μ decay on both νμ and μ fluxes in solids. Most of the
νμ-induced μ fluxes, relevant deep underground, should
come from energetic νμ because of their larger creation
rates. The neutrinos from μ decay are again ignored when
computing the νμ-induced μ.
In short, our estimates of the μ fluxes from both meson

two-body decay and the νμ-induced component should be
reliable. The estimation of νμ fluxes at 1 GeV should be
good to within an order of magnitude and becomes more
accurate for energies at 10 GeV and beyond.
To get the fluxes of daughter leptons from pion and kaon

decays, we can compute the production spectrum of leptons
at location X as

PiðE;XÞ ¼
X
j¼π;K

Z
Emax

Emin

dE0 FjiðE; E0Þ
E

NjðE0; XÞ
dj

; ðB13Þ

with i denoting lepton species. Properly integrating
PiðE;XÞ over X along the meson track will give the lepton
flux at a given location. We first examine carefully the
integral that, for example, involves FπμðE;E0Þ for the pion-
decay induced μ flux. Eq. (6.17) in [39] shows that

Fπμ ¼ Fπν ¼
1

1 − rπ
; with rπ ¼

m2
μ

m2
π
: ðB14Þ

For kaons, the corresponding rK is defined in the same way
but withmπ → mK . The values of rπ and rK are provided in
Table III.
Moreover, per Eqs. (B9) and (B10), the pion flux in the

integrand scales as E0−ðγþ1Þ and E0−γ respectively at high
and low energies in the gas, and E0−ðγþ1Þ in the solid. The
final piece in the integral, 1=dπ as a function of E0, has a
factor of 1=E0 in both gas and solids based on Eqs. (B8) and
(B12). After combining all the E0 dependence in the
integrand, we integrate over the xL variable defined as
E=E0, and arrive at the various moments listed below [see
the calculation of ZNπ in Eq. (B11), now with N → π,
π → μ, and NN=λN → Nπ=dπ (also see Sec. 6.2 in [39])].
For μ, we define

ZπμðγÞ ¼
Z

1

rπ

dxL
1

1 − rπ
xLγ ¼

1 − rγþ1
π

ð1þ γÞð1 − rπÞ
; ðB15Þ

for the low energy limit and

Zπμðγ þ 1Þ ¼ 1 − rγþ2
π

ð2þ γÞð1 − rπÞ
ðB16Þ

for the high energy limit in gas. For νμ, the integration is
almost the same except for the integration interval, i.e.,R 1−rπ
0 , which leads to

ZπνðγÞ ¼
ð1 − rπÞγ
ð1þ γÞ ; ðB17Þ

Zπνðγ þ 1Þ ¼ ð1 − rπÞðγþ1Þ

ð2þ γÞ ðB18Þ

for the low and high energy limits. The same set of
moments, ZKμ and ZKν, can be defined for kaon decay.
For solids, we use the moments relevant to the high

energy limit [i.e., Z…ðγ þ 1Þ] in the flux calculations.
To get ν fluxes in gas, we further performR

X
0 dX0PνðE;X0Þ with X0 ¼ 0 as the initial meson creation
location and X0 ¼ X as the location of the detector. Since
we already have PνðE; X0Þ in the high and low energy
limits, we can combine them via an interesting interpola-
tion used in Sec. 6.2 in Ref. [39], which gives

dNν

dEν
¼ N0ðEνÞ

1 − ZNN

�
Aπν

1þ Bπν cos θEν=ϵπ

þ 0.635
AKν

1þ BKν cos θEν=ϵK

�
; with

Aπν ≡ ZNπZπνðγÞ;

Bπν ≡ ZπνðγÞ
Zπνðγ þ 1Þ

Λπ − ΛN

Λπ lnΛπ=ΛN
;

and similarAKν;BKν for charged kaons: ðB19Þ
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Note 0.635 is the charged kaon’s branching ratio to the
μþ νμ decay. N0ðEνÞ is the cosmic ray spectrum.
For μ in the atmosphere, the integration over X0 must

take into account of the μ energy loss and decay. At sea
level, we also have similar expressions for the flux:

dNμ

dEμ
¼ SμðEμÞ

N0ðEμÞ
1 − ZNN

�
Aπμ

1þ Bπμ cos θEμ=ϵπ

þ 0.635
AKμ

1þ BKμ cos θEμ=ϵK

�
;

with Aπμ ¼ ZNπZπμðγÞ;

Bπμ ≡ ZπμðγÞ
Zπμðγ þ 1Þ

Λπ − ΛN

Λπ lnΛπ=ΛN
; ðB20Þ

and similar AKμ;BKμ for charged kaons. The extra factor
SμðEμÞ describes the flux suppression due to muon’s
energy loss and decay:

SμðEμÞ ¼
�
ΛN cos θ

X0

�
p1

�
Eμ

Eμ þ αX0=cos θ

�
p1þγþ1

× Γðp1 þ 1Þ;
with p1 ¼

ϵμ
Eμ cos θ þ αX0

: ðB21Þ

Here, X0 is the vertical length at sea level, and SμðEμÞ goes
to 1 when Eμ is large enough (a few 10’s of GeV, as shown
in Fig. 6.2 in [39]). It should be emphasized that Eq. (B19)
works for 0 ≤ θ ≤ π=2; for θ > π=2, we take θ → π − θ.
However, this rule does not apply to the muon flux, due to μ
interaction with Earth and its decay.
For solids, we only use the high-energy limit pion’s flux

and the 1=dπ factor in Eq. (B12). Note that this 1=dπ has no
X dependence, as opposed to a gaseous medium. As a
result, the lepton flux in solids and the corresponding high-
energy flux in gases are different, although they share
similar pion fluxes as their sources.
It should be added that although X is integrated from 0 to

∞, physically speaking, the integration is from the con-
tributions within just a few meters below the surface of the
solid medium. This is because typical hadron track lengths
are on the order of meters in solids, considering the
hadronic absorption lengths λh ∼ 100 g=cm2. After a few
meters, all the hadronic activity fades away. In this work,
we consider detectors located a few kilometers or less
below the surfaces of solid media. Since the decay lengths
of GeV muons are mostly larger than a few kilometers
(cτμ ¼ 0.66 km), muon decay can be safely neglected here.

We then find for solids,

dNν

dEν
¼ N0ðEνÞ

1 − ZNN

�
Λπmπ

X̃πEν

ZNπZπνðγ þ 1Þ

þ 0.635
ΛKmK

X̃KEν

ZNKZKνðγ þ 1Þ
�
; ðB22Þ

dNμ

dEμ
¼ N0ðEμÞ

1 − ZNN

�
Λπmπ

X̃πEμ

ZNπZπμðγ þ 1Þ

þ 0.635
ΛKmK

X̃KEμ

ZNKZKμðγ þ 1Þ
�
: ðB23Þ

Interestingly, in the high-energy limit, the ratio between
the pion-induced flux in the solid and the flux in the
atmosphere is

mπΛπ

ϵπX̃π

¼ Λπ

h0ρsolid
∼

1m
104m

¼ 10−4: ðB24Þ

Here, h0 ¼ RT
Mg is a typical vertical scale of an atmosphere,

about 6.5 km on Earth. Importantly, the flux ratio for the
kaon-induced flux has similar sizes, because Λπ ∼ ΛK .
Therefore, the gas-to-solid ratio of the combined flux from
both mesons is also about 10−4. However, this ratio is
significantly affected by the so-called prompt component
that we now discuss.
This prompt component, originating from the decays of

charmed mesons and potentially other mesons, dominates
the lepton fluxes for energies on the order of 10 TeV and
beyond. The lifetimes of these mesons are so short that the
decay lengths are the smallest among all the length scales in
both gas and solid. Therefore, the flux of these mesons
(denoted as ϕc) takes the form of the low-energy pion flux
in a gas. Ignoring meson energy loss and its absorption in
solids, we get the ϕc flux,

ΦðE; XÞ ¼ NðE; 0ÞZNϕ

λN
e−X=ΛN

X̃ϕE

mϕ
: ðB25Þ

This formula can be derived by substitution in Eq. (B10),
inspired by the difference between Eq. (B12) and (B8).
In gas,

ΦðE;XÞ ¼ NðE; 0ÞZNϕ

λN
e−X=ΛN

EX cos θ
ϵϕ

: ðB26Þ

We plug into Eq. (B13) the expressions forΦðE; XÞ and the
corresponding 1

dϕ
, which take the same forms as Eq. (B8)

(for gas) and (B12) (for solid). The lepton fluxes can then
be parametrized as

dNprompt
ν

dEν
¼ N0ðEνÞ

1 − ZNN
AπνRν; ðB27Þ
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dNprompt
μ

dEμ
¼ N0ðEμÞ

1 − ZNN
AπμRμ; with ðB28Þ

Rν ≡ ZNϕZϕνðγÞ
ZNπZπνðγÞ

; ðB29Þ

Rμ ≡ ZNϕZϕμðγÞ
ZNπZπμðγÞ

: ðB30Þ

These expressions apply to both solids and gases. The
ratios Rν and Rμ determine the magnitude of the
prompt component. Rμ is believed to be smaller than
2 × 10−3 ≡ R̄μ, while Rν should be around 8 × 10−4 ≡
R̄ν (cf., Sec. 8.4 in [39]). Note that this flux component
scales as E−ðγþ1Þ, which is the same as the low-energy
behavior of the flux in the atmosphere, but the pion and
kaon-induced fluxes at high energy in the atmosphere and
in solids scale as E−ðγþ2Þ. Therefore, the prompt component
eventually dominates the lepton fluxes when the energy is
high enough.
Figure 6 examines the effect of the prompt component in

the ν flux on Earth, using three different Rν values. These
were compared against a recent pQCD evaluation [58],
which has been demonstrated to satisfy the IceCube upper
limit [59]. When Rν ¼ 0.5R̄ν, our parametrization is
compatible with the pQCD calculation below 105 GeV,
while Rν ¼ 0.1R̄ν provides reasonable estimates for Eν

larger than 105 GeV. Figure 3 uses these two values to
indicate potential variation of our ν flux predictions
in solid.
For νμ fluxes, the formulas presented in the current

section are complete, but for μ fluxes deep underground
(with or without atmosphere), we need to consider muon
energy loss, which is discussed in the following section.

3. Muon energy loss in solid media

The energy loss of muons through matter can be
described by the following formula:

dE
dX

¼ −α −
E
ξ
; ðB31Þ

with the first term describing the ionization energy loss and
the second arising from other processes, including brems-
strahlung, pair production, etc. ξ has mild energy depend-
ence. As an example, for standard rock, A ¼ 22, Z ¼ 11,
and ρ ¼ 2.65 g=cm3, ξ ¼ 2.55 × 105 g=cm2 at 1 TeV and
2.3 × 105 g=cm2 at 10 TeV. This energy loss also intro-
duces the so-called critical energy ϵξ ≡ α × ξ, beyond
which the second term in the formula becomes dominant.
For muons with α ∼ 2 MeV=ðg cm−2Þ, ϵξ ¼ 500 GeV.
Based on this formula, we find the particle energy after

traveling through length X,

EðXÞ ¼ ðE0 þ ϵξÞe−
X
ξ − ϵξ; ðB32Þ

with E0 as the initial energy. If the muons have energy E as
observed at a distance X from the creation point, their initial
energy is

E0ðE;XÞ ¼ e
X
ξðEþ ϵξÞ − ϵξ: ðB33Þ

For a given E0, the range of the muon, i.e., its stopping
length, is then given by

XmaxðE0Þ ¼ ξ log

�
1þ E0

ϵξ

�
: ðB34Þ

The energy spectrum of muons at depth X is completely
determined by the flux at X ¼ 0, as there is a one-to-one
correspondence between the energies at different X (the
muon’s decay can be safely neglected). Therefore, we have

dNμðXÞ
dEμ

¼ dNμ

dE0

dE0

dEμ
¼ e

X
ξ
dNμ

dE0

����
E0¼e

X
ξ ðEþϵξÞ−ϵξ

: ðB35Þ

This formula predicts the muon flux underground from its
flux at sea level on Earth or a few meters below the surface
in an environment without atmosphere. The discussion here
applies to charged hadrons as well. For example, Eq. (B34)
was used to compute the stopping lengths for the charged
pions in Fig. 2.
Note that α has a mild dependence on muon energy.

When E > 10 GeV, a good approximation [39] is

αðEÞ ≈ 1.9þ 0.08 ln

�
E
mμ

�
: ðB36Þ

In our calculations, for simplicity, we apply this depend-
ence for E > 1 GeV. In this case α increases slowly to
2.3 at 10 GeV, and 2.8 at 104 GeV. Below 1 GeV, we
set α ¼ 2 MeVcm2=g.

R R
R 0.5 R
R 0.1 R

pQCD band

1000 104 105 106 107 108
0.1

1

10

100

FIG. 6. The prompt components in our calculations are com-
pared to the recent pQCD evaluations [58] that have been
checked against recent IceCube upper limit [59].
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4. νμ-induced muons underground

To compute this flux, we need to understand the
probability of a νμ (with energy Eν) producing a μ that
has energy between Eμ and Eμ þ dEμ when detected.
According to Eq. (8.24) in [39], the probability density is

dPðEνÞ
dEμ

¼ ξNAσνðϵξÞ
ϵξ

Eν−Eμ

ϵξþEμ
×

8<
:
1 for νμ

1þEμ
Eν
þ
�
Eμ
Eν

�
2

3
for ν̄μ

ðB37Þ

Here, σνðϵξÞ is the cross section at energy ϵξ for νμ’s
charged-current scattering off nucleons. See Table III for
the information about ϵξ, ξ and NA. The derivation depends
on the Fermi theory for the weak-interaction cross-section,
which holds for Eν below 3.6 TeV. In addition, the
integrated X between the source of particle production
(near the surface) and the detector is required to be on the
order of ξ or larger. If the integrated X is far below this
value, for example, just a few hundred meters below the
surface in an ice ball, this formula should only be
considered as an upper limit. Note the factor ξNAσνðϵξÞ
is 6 × 10−7 when evaluated at ϵξ ¼ 500 GeV.
The muon flux can be computed via

dNμ

dEμ
¼

Z
∞

Eμ

dEν
dNν

dEν

dPðEνÞ
dEμ

: ðB38Þ

Note that the probability density for ν̄μ differs from the νμ
one by a factor ranging from 1=3 to 1 [see Eq. (B37)].
Assuming the same weight for νμ and ν̄μ in the total
neutrino flux, we can multiply the νμ-induced muon flux by
a factor between 2=3 and 1 to get the full spectrum from
neutrinos and antineutrinos. Even without this factor, the
neutrino-induced flux is a good estimation of the combined
flux from neutrinos and antineutrinos.

5. Fluxes on Moon and Mars

Since atmospheric density is never truly zero, it is natural
to ask whether the atmosphere on the Moon or Mars is
dilute enough to be considered zero. This question is
related to whether meson production and their subsequent
decays occur in the atmosphere.
The typical length scale of hadronic activity is about

100 g=cm2. For example, for high energy pions, the pion
flux in (B9) achieves its maximum at

Xmax ¼
ΛπΛN lnΛN=Λπ

ΛN − Λπ
∼ 140 g=cm2 ðB39Þ

Kaons will have similar values. Note when X ≪ Xmax,

NπðX ≪ XmaxÞ
NπðXmaxÞ

¼
ð 1
ΛN

− 1
Λπ
ÞX

e−
Xmax
Λπ − e−

Xmax
ΛN

∼
0.02
g=cm2

X ðB40Þ

Using Earth’s atmosphere as a reference, Eq. (B7) gives
the vertical column depths (XX) for the other planets at their
surfaces:

X⊕ ¼ P⊕

g⊕
≈ 104 g=cm2; ðB41Þ

XX ¼ PX=gX
P⊕=g⊕

X⊕

≈
	
1.5 × 102 ∼ Xmax for Mars

10−10 ∼ 10−7 ≪ Xmax for Moon
: ðB42Þ

We then see

NπðXXÞ
NπðXmaxÞ

≈
	
1 for Mars; sinceXX ∼ Xmax

0.02XX ≈ 10−12 ∼ 10−9 forMoon
: ðB43Þ

On the Moon, the pion fluxes on its surface is at most 10−9

of the maximum flux achieved in Earth’s atmosphere. The
variation of the ratio for the Moon is caused by the variation
of its pressure on the surface. Therefore, the corresponding
lepton fluxes are below 10−9 of the atmospheric fluxes
on Earth.
On the other hand, the pion flux at the surface of Mars is

comparable with the maximum flux in Earth’s atmosphere,
hinting that the lepton fluxes on Mars might be similar to
those on Earth. To proceed, we need to understand if pions
have enough time to decay in the atmosphere before hitting
the surface of Mars. On Earth, Xmax corresponds to about
14 km above sea level (see Eq. (5.59) in [39]). Pions with
energy below 100 GeV are more likely to decay when
reaching the surface (note that cτπ ≈ 8 m). Since
XMars ∼ Xmax, the region where pions achieve maximum
flux is around the surface by a physical-length scale defined
by h0 ≡ RT=Mg (note Xv ¼ X0e−h=h0 and thus h0 is a
typical scale for Xv to vary). On Earth,

RT⊕

M⊕g⊕
∼ 6.5 km ðB44Þ

Since the temperatures on Mars and Earth are on the same
scale, Oð102Þ K, and gas molecule masses are also on the
same scale, the ratio between h0 on other planets and h0 on
Earth is proportional to 1=g. Mars’s gMars ¼ 0.37g⊕, mean-
ing h0 on Mars is on the same scale as h0 on Earth. This
suggests that pions on Mars have a physical length of at
least a km to decay before hitting the surface. Therefore, we
find the pion decay physics on Mars is similar to that on
Earth, and so are the fluxes of the pion and kaon decay-
induced leptons.
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