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A B S T R A C T

The atmospheric neutrino flux includes a component from the prompt decay of charmed hadrons that becomes
significant only at 𝐸 ≥ 10 TeV. At these energies, however, the diffuse flux of cosmic neutrinos discovered by
IceCube seems to be larger than the atmospheric one. Here we study the possibility to detect a neutrino
interaction in down-going atmospheric events at km3 telescopes. The neutrino signal will always appear
together with a muon bundle that reveals its atmospheric origin and, generically, it implies an increase in
the detector activity with the slant depth. We propose a simple algorithm that could separate these events
from regular muon bundles.
1. Introduction

The flux of atmospheric leptons, both muons and neutrinos, is
sensitive to the multiplicity and the inelasticity in proton–air, pion–air
and gamma–air collisions, probing a forward kinematical region and a
high energy regime that are difficult to access at colliders. It is apparent
that an accurate description of these hadronic collisions is essential to
connect the energy and composition of primary cosmic rays (CRs) with
the data at neutrino telescopes and air-shower observatories.

One of the possibilities that has received a lot of attention through-
out the years [3–9] is the production of atmospheric charm. Pions of
energy above 30 GeV become less effective producing leptons in the air,
as their decay length grows longer than their interaction length. This
softens the high-energy spectrum of atmospheric neutrinos, changing
their power law from approximately 𝐸−2.7 to about 𝐸−3.7 [1]. Charmed
hadrons, on the other hand, are less frequent inside air showers, but
they have a much shorter lifetime than pions and kaons. At energies up
to the PeV scale 𝐷 mesons and 𝛬𝑐 baryons always decay before they
can lose energy, so their relative contribution to the atmospheric lepton
flux increases with 𝐸. It is expected that, depending on the zenith
inclination,1 at energies around 100 TeV [6,10] this charm component
may dominate the atmospheric lepton flux.

Moreover, any estimate of the neutrino flux from charm decays
cannot avoid a significant degree of uncertainty. The reason is easy to
understand. The primary CR flux is very steep, and secondary hadrons
will be produced according to the same 𝐸−2.7 power law. Consider then
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1 At 10 TeV the conventional lepton flux from light mesons is 7 times larger from near horizontal than from vertical directions [1].
2 For a CR spectral index 𝛼 ∼ 2.7, the flux of atmospheric charm is proportional to the 1.7-moment (𝑍) of the yield in hadronic collisions [2]. Therefore, 𝐷

mesons produced with a 50% of the energy of the projectile in 0.01% of hadronic collisions (𝑍 = 3.0 × 10−5) would contribute to the prompt flux 4 times more
than 𝐷’s produced with 0.1% of the energy in 100% of hadronic collisions (𝑍 = 7.9 × 10−6).

an atmospheric 𝐷 meson of energy 𝐸. We may wonder what is the most
likely energy of its parent hadron. The 𝐷 may come from a hadron of
energy just 10 times larger (i.e., the 𝐷 took a fraction 𝑥 = 0.1 of the
collision energy), but also from a parent 1000 times more energetic
(𝑥 = 10−3). Of course, a collision with 𝑥 = 0.1 is more unlikely than one
with 𝑥 = 10−3, but this may be compensated by the fact that hadrons
of energy 103𝐸 are much more rare than those of just 10𝐸. It turns out
that a few collisions where the charmed hadrons take a large fraction of
the collision energy could increase very substantially their production
power law in the atmosphere and thus the flux of neutrinos resulting
from their decay.

Perturbative QCD calculations [11] focus on transverse charm and
are able to reproduce very accurately the LHC data, but they do not
include non-perturbative effects that may be important at forward
rapidities. In particular, the factorization theorem used in these calcu-
lations implies that the fragmentation of the charm quarks produced in
the collision should be independent from the initial state. Fixed target
experiments like E791, however, contradict this scheme [12]. In 𝜋−

collisions with Carbon and Platinum targets at 500 GeV they observed
forward events of large 𝑥 where the 𝑐 goes into a 𝐷0 or the 𝑐 into a 𝐷−

much more likely than into a 𝐷+ or a 𝐷̄0, respectively. These leading
charm hadrons appearing in the fragmentation region share a valence
quark with the incident pion, suggesting a process of coalescence during
hadronization. Another possibility that may be difficult to probe at
colliders is that of diffractive charm. One may think, for example, of
a 10 TeV proton scattering off an air nucleus with a diffractive mass
vailable online 5 September 2021
927-6505/© 2021 The Authors. Published by Elsevier B.V. This is an open access a

https://doi.org/10.1016/j.astropartphys.2021.102646
Received 14 June 2021; Received in revised form 27 August 2021; Accepted 28 Au
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

gust 2021

http://www.elsevier.com/locate/astropartphys
http://www.elsevier.com/locate/astropartphys
mailto:mgg@ugr.es
mailto:ghernandezt@correo.ugr.es
mailto:jillana@ugr.es
mailto:masip@ugr.es
https://doi.org/10.1016/j.astropartphys.2021.102646
https://doi.org/10.1016/j.astropartphys.2021.102646
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2021.102646&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Astroparticle Physics 134–135 (2022) 102646M. Gutiérrez et al.

e
t
a
c
f
a
a
b
c
t
t

d
m
t
O

a

t
𝜈
(
6
(
i

𝑓

𝑚∗
𝑝 ≈ 5 GeV and then going into a final 𝛬𝑐𝐷̄ pair that carries all (or

most of) the initial energy. A 1% component of intrinsic charm [13]
in protons and pions could favor these processes and imply that the
forward charm [14–16] contribution to the atmospheric neutrino flux
completely dominates over the perturbative one.2

Unfortunately, the search for atmospheric neutrinos from charm
decays has been so far unsuccessful. However, IceCube observed in
2013 [17,18] a diffuse flux of cosmic neutrinos that at 𝐸 > 30 TeV
is several times larger than the total atmospheric flux. In the 30–
500 TeV region its spectral index 𝛼 seems similar to what we may
xpect from atmospheric charm (𝛼 ≈ 2.7), whereas at PeV energies
he cosmic flux becomes harder (𝛼 ≈ 2.0–2.3). Although this flux is

great discovery, it makes the possibility to detect neutrinos from
harm even more difficult. In upgoing or near-horizontal events both
luxes are indistinguishable [19], as they are expected with the same
ngular distribution and imply a similar ratio of shower to track (with
muon after the interaction) events. Actually, the best fit obtained

y IceCube from the data on high energy events is no neutrinos from
harm at all. Obviously, their analysis is performed trying to minimize
he atmospheric background, i.e., cutting any events where muons enter
he detector from a down-going direction.

Here we will explore the opposite possibility. We will focus on
own-going events, where the neutrino signal appears together with a
uon bundle that, in turn, guarantees its atmospheric origin. Arguably,

his is what will be needed to determine the prompt neutrino flux.
ther approaches (spectrum and lateral separation of large 𝑝𝑇 muons

[20–22]) focus on down-going events as well. Our analysis will involve
two main aspects that we study by using the air shower simulator
CORSIKA [23]: (i) the relation between a neutrino of given energy
and the energy of its parent air shower and (ii) the characterization
of muon bundles from CR primaries of any energy and composition
(in Sections 2 and 3). Then we will analyze the longitudinal energy
depositions through the ice or water in a down-going event with
or without a 𝜈 interaction; these depositions determine the detector
activity at km3 observatories like IceCube or KM3NeT [24]. Finally, we
propose an algorithm based on four observables that could be used to
separate events with an atmospheric neutrino interaction from events
with just stochastic energy depositions of a muon bundle (in Section 4).

2. Neutrinos and their parent cosmic ray

Let us start with the following question. Suppose we observe an
tmospheric neutrino of energy 𝐸𝜈 = 10 TeV entering a km3 telescope

from a zenith inclination 𝜃𝑧 = 45◦. What is the energy of its parent
CR? Obviously, this neutrino may have been produced by a CR of
any energy 𝐸 > 𝐸𝜈 , so the actual question is: What is the probability
distribution of the parent energy? The answer will depend on two basic
quantities: the yield of neutrinos of energy 𝐸𝜈 produced per proton air
shower of energy 𝐸, and the primary CR spectrum and composition at
𝐸 > 𝐸𝜈 .

We may express the neutrino yield per proton shower as 𝑓𝑝𝜈 (𝑥,𝐸),
where 𝑥 = 𝐸𝜈∕𝐸 is the fraction of the shower energy taken by
the neutrino. Notice that 𝑥 takes values between 0 and 1, that the
integral of 𝑓𝑝𝜈 (𝑥,𝐸) between these two values gives the total number of
neutrinos produced inside the shower, and that if instead we integrate
𝑥 𝑓𝑝𝜈 (𝑥,𝐸) we will get the fraction of the shower energy carried by all
these neutrinos.

We have used CORSIKA with SIBYLL 2.3C [10] as the hadronic
interaction model to deduce the 𝜈𝑒 and 𝜈𝜇 yields from proton primaries
of 𝐸 = (103, 104, … , 108) GeV, and we have obtained a simple fit that
performs well in this energy interval (see the details in Appendix). In
Fig. 1 we plot the total yields at three different energies from 𝜃𝑧 = 45◦

(we provide the zenith angle dependence in the Appendix) together
with our fit. The plots show that lower energy showers are more likely
to include a neutrino carrying a large fraction 𝑥 of the shower energy.
These yields must be understood as the sum of two contributions:
2

conventional neutrinos from pion and kaon decays plus neutrinos from
the decay of charmed hadrons. The lower plot expresses the relative
contribution of these two components for an average 106 GeV proton
shower. We find that CORSIKA gives the same 𝜈𝑒 and 𝜈𝜇 yields from
charm and an almost perfect scaling (i.e., the charm contribution in this
plot does not depend on 𝐸; we will neglect the ≈2% 𝜈𝜏 component from
𝐷𝑠 decays). The plot also shows, for example, that in the 106 GeV proton
shower charm decays dominate the production of 𝜈𝑒’s of 𝐸𝜈 > 7 TeV, or
that a 𝜈𝜇 of 𝐸𝜈 > 100 TeV inside the same shower is still 4 times more
likely conventional than from charm.

From these yields in proton showers we can easily estimate the ones
for other primaries, like He or Fe. In particular, assuming that a nucleus
of mass number 𝐴 and energy 𝐸 is the superposition of 𝐴 nucleons of
energy 𝐸∕𝐴, we obtain

𝑓𝐴𝜈 (𝑥,𝐸) = 𝐴2 𝑓𝑝𝜈 (𝐴𝑥,
𝐸
𝐴
) . (2.1)

As mentioned above, the second key element to relate an atmo-
spheric neutrino with its parent shower is the primary CR flux. At
energies below 𝐸knee = 106.5 GeV we will assume that it is dominated
by proton and He nuclei with slightly different spectral indices [25],

𝛷𝑝 = 1.3
( 𝐸
GeV

)−2.7 particle
GeV cm2 s sr

; 𝛷He = 0.54
( 𝐸
GeV

)−2.6 particle
GeV cm2 s sr

.

(2.2)

These fluxes imply an all-nucleon flux 𝛷𝑁 ≈ 1.8 (𝐸∕GeV )−2.7

[nucleon (GeV cm2 s sr)−1] and a similar number of protons and He nuclei
at 𝐸 ≈ 10 TeV. Beyond the CR knee, up to 𝐸ankle = 109.5 GeV, the com-
position is uncertain, while the total flux becomes 𝛷 = 330 (𝐸∕GeV)−3.0

[particle (GeV cm2 s sr)−1]. Throughout our analysis we will consider the
limiting cases with a pure proton or a pure Fe composition at 𝐸 > 𝐸knee
and will take a central case where the composition is assumed to be
protons and He nuclei in the proportion estimated at 𝐸 = 𝐸knee.

Our results are summarized in Fig. 2. At 10 TeV and 𝜃𝑧 = 45◦

he atmospheric neutrino flux 𝛷𝜈 includes a 6% of 𝜈𝑒 and a 94% of
𝜇 . For a pure proton composition above 𝐸knee, 66.3% (67.5%) of 𝛷𝜈𝜇
𝛷𝜈𝑒 ) comes from proton showers, whereas this percentage decreases to
1.6% (61.3%) for a pure Fe composition. When the parent is a proton
solid lines in Fig. 2 Right), the fraction of energy taken by the neutrino
s distributed according to

𝑝
1 (𝑥,𝐸𝜈 ) =

1
𝛷𝑝

𝜈 (𝐸𝜈 )

𝑓𝑝𝜈 (𝑥,𝐸𝜈∕𝑥) 𝛷𝑝(𝐸𝜈∕𝑥)
𝑥

, (2.3)

where 𝛷𝑝
𝜈 is the contribution from proton primaries to 𝛷𝜈 . An analogous

expression describes the fraction of energy taken by neutrinos coming
from a He primary (dashed lines in the same figure). We obtain that
a 𝜈𝜇 (blue lines) carries in average 13% of the shower energy when
the primary is a proton or 3% when it is a He nucleus. For electron
neutrinos (red lines) these average fractions are a bit smaller: 9% and
2%, respectively.

Our results may seem somewhat surprising. It is apparent that most
of the neutrinos produced by a CR primary of energy 𝐸 will carry a
very small fraction of the shower energy (see Fig. 1), however, the
rare events where the neutrino takes a large fraction of this energy
dominate 𝛷𝜈 . The steep fall of the CR flux with the energy suppresses
the contribution of neutrinos with a small 𝑥, i.e., inside very energetic
showers. We find, for example, that when the primary is a proton 75%
of muon neutrinos of 𝐸𝜈 = 10 TeV come from showers of 𝐸 < 232 TeV,
and that the ratio 𝑥 = 𝐸𝜈∕𝐸 grows even larger at lower neutrino
energies (e.g., at 𝐸𝜈 = 1 TeV, 𝐸 < 21 TeV). These results, fully
compatible with the ones in [10], imply that most neutrino events take
place inside relatively weak muon bundles.

3. Leading muon and muon bundle

Atmospheric muon neutrinos will always be produced together with
a 𝜇± of similar energy. Since these neutrinos carry a significant fraction
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Fig. 1. (𝜈𝜇 + 𝜈̄𝜇) and (𝜈𝑒 + 𝜈̄𝑒) yields from proton showers of several energies (upper); conventional and charm components in both yields for a 106 GeV primary (lower).
Fig. 2. Left. Atmospheric neutrino flux for 𝜃𝑧 = 45◦; we include the flux for a pure proton (dashed) or Fe (dotdashed) CR composition at 𝐸 > 𝐸knee. Right. Distribution (scaled by
the relative contribution of each primary to 𝛷𝜈 ) of 𝑥 = 𝐸𝜈∕𝐸 at 𝐸𝜈 = 10 TeV for 𝜈𝑒 (red) and 𝜈𝜇 (blue) both for 𝑝 (solid) and He (dashed) primaries.
f

𝑓

f the shower energy, it follows that there will be a leading muon of
nergy well above the average muon energy in the bundle at the core
f the air shower. This leading muon will be absent in 𝜈𝑒 events.

It is straightforward to parametrize its energy distribution using the
ORSIKA simulations described in the previous Section. Suppose that
proton shower of energy 𝐸 produces a 𝜈𝜇 of energy 𝐸𝜈 = 𝑥𝐸 with
> 10−3; let us define the energy of the leading muon as 𝐸𝜇 ≡ 𝑒𝛼𝜇𝑥𝐸

i.e., 𝐸 = 𝐸 for 𝛼 = 0). We find that the distribution of 𝛼 can be
3

𝜇 𝜈 𝜇
itted with3

𝑝
2 (𝛼𝜇 , 𝑥, 𝐸) = 1

0.8
√

2𝜋
exp

(

𝛼𝜇 + 2.1 + (1.01 − 0.042 ln𝐸) ln 𝑥

0.8
√

2

)2

, (3.1)

3 For each shower energy 𝐸, we just bin 𝑥 and find the average and the
dispersion of 𝛼 in each bin, fitting the result with this gaussian.
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Fig. 3. Spectrum of muons produced in proton showers at several energies obtained
ith CORSIKA (104 showers) together with the fit in Eq. (3.3).

ith 𝐸 given in GeV. The energy distribution of the muon accompa-
ying the neutrino produced inside a shower of energy 𝐸𝜈∕𝑥 is then

̃𝑝
2 (𝐸𝜇 , 𝑥, 𝐸𝜈 ) =

1
𝐸𝜇

𝑓 𝑝
2 (ln𝐸𝜇∕𝐸𝜈 , 𝑥, 𝐸𝜈∕𝑥) . (3.2)

This distribution will be independent from the zenith inclination of the
primary but not its composition. When the primary is a nucleus of mass
number 𝐴, the distribution is obtained just by changing 𝐸 → 𝐸∕𝐴 and
→ 𝐴𝑥 in the expression above.

Suppose that a 200 TeV proton shower produces a 10 TeV 𝜈𝜇 ;
e find that the leading muon has in this case an average energy of
𝐸𝜇⟩ = 7.5 TeV, and that with a 50% probability 𝐸𝜇 < 5.4 TeV. We find
emarkable that, although in average muons take more energy than
eutrinos in meson decays, the leading muon inside a shower with a
ery energetic (𝑥 > 10−3) neutrino carries a smaller fraction of energy.
ur result reflects that the neutrinos emitted forward in the meson
ecay contribute to 𝛷𝜈 more than the ones emitted backwards, and in
he first case the muon takes a smaller fraction of the meson energy.

To study the possibility to detect atmospheric neutrino interactions
n down-going events, a precise characterization of the muon bundle in
he core of the air shower is also essential: we use CORSIKA to obtain

fit of their number and energy distribution. In a proton shower of
nergy 𝐸 from 𝜃𝑧 = 45◦ the muons of 𝐸𝜇 ≥ 500 GeV are distributed
ccording to (see Fig. 3)

d𝑁𝑝
𝜇(𝐸𝜇 , 𝐸)
d𝐸𝜇

= 16𝐸0.8 𝐸−2.7
𝜇 (3.3)

(all energies in GeV) up to 𝐸𝜇 ≈ 0.2𝐸, with a 30% dispersion with
respect to this central value. The total number of muons 𝑁𝑝

𝜇(𝐸) is then
obtained by integrating this expression. Again, we will approximate
the bundle in the shower started by a nucleus as the sum of 𝐴 proton
undles of energy 𝐸∕𝐴. As for the zenith angle dependence, it can
e approximated by the same factor that multiplies the conventional
ield in the expression (A.2) given in the Appendix. Our results on
he spectrum and number of muons in a bundle are consistent with the
nes discussed in [21].

Once the muons penetrate the ice or water, they will lose energy
hrough four basic processes: ionization, pair production,
remsstrahlung and photohadronic interactions. We will use the differ-
ntial cross sections d𝜎∕d𝜈 for these processes in [26], where 𝜈 is the
raction of the muon energy deposited in these collisions with Hydrogen
nd Oxygen nuclei. To simulate the propagation of each individual
4

uon we define steps of 25 m and separate soft collisions that imply
a continuous energy loss from harder stochastic processes. In the first
type we include both ionization and radiative collisions of 𝜈 < 10−2.5.

In Fig. 4 we provide examples of the propagation of muons and of
uon bundles through several km of ice, together with the average

nergy deposited per 100 meters at different depths for bundles from
roton primaries of 105, 106 and 107 GeV. The average in the plot is
btained for 104 showers of each energy; it approximately scales like
0.81 with the shower energy and like exp

(

− 𝑋
1100 m.w.e.

)

with the slant
epth.

. Neutrino events within a bundle

Our objective is to establish criteria to separate muon bundles that
nclude a neutrino interaction from those bundles that do not. These
riteria or cuts should be very efficient eliminating plain bundles while
electing a significant fraction of the events with a neutrino interaction.

For each event we define four basic parameters related to ob-
ervables that can be measured with different degree of precision in
elescopes like IceCube or KM3NeT:

1. 𝑋𝐴: age of the track, i.e., the slant depth from the ground to the
point of entry in the detector. 𝑋𝐴 depends on the inclination and
the coordinates of the event.

2. 𝐸max: maximum energy deposition within a 100 meter interval
along the track crossing the detector.

3. 𝐸−: total energy deposited in the detector before the maximum
deposition 𝐸max divided by the number of 100 meter intervals.
Our unit length is set at 100 m, the typical separation between
strings at km3 telescopes.

4. 𝐸+: total energy in the detector after 𝐸max divided by the number
of 100 meter intervals.

he number of 100 meter intervals before and after the maximum
eposition will depend, like 𝑋𝐴, on the inclination and coordinates of
ach event. We will define cuts in terms of the ratios 𝐸max∕𝐸− and
+∕𝐸−.

Let us first consider charged current (CC) 𝜈𝑒 events, with all the
eutrino energy deposited in a single 100 m interval. A typical 1 TeV
vent will come together with the weak muon bundle of a 𝐸 ≤ 20 TeV
hower, able to reach the telescope only from vertical directions. These
vents would imply a value of 𝐸max ≥ 30𝐸−. A similar deposition 𝐸max
ould as well be produced by a muon that reaches the telescope with an
nergy of, for example, 2 TeV. However (i) such muons deposit around

50 GeV in each 100 m interval previous to 𝐸max, and (ii) they usually
appear inside more energetic showers, together with other muons that
also contribute to 𝐸− and reduce the value of 𝐸max∕𝐸−. In addition,
this type of depositions subtracts a significant fraction of energy to the
muon, implying a drop in the signal after 𝐸max. Notice that this effect
would be absent when the energy deposition is caused by the neutrino.
Requiring that 𝐸+ ≥ 0.9𝐸− we would make sure that those events do
not pass the cut.

If we increase the energy by a factor of 10 and target 10 TeV CC 𝜈𝑒
vents, two competing effects are noticeable. On one hand, stochastic
nergy depositions grow linearly with the energy of a muon, while
he growth of its continuous energy loss is a bit slower.4 This first
ffect suggests that we should increase the minimum value of 𝐸max∕𝐸−
equired to select neutrino events. On the other hand, however, the
caling also implies stronger muon bundles giving a more sustained
nd regular deposition: if a 50 TeV muon reaches the detector after
rossing a depth 𝑋𝐴, it is likely that other less energetic muons in the
ame bundle will reach as well. Although both effects tend to cancel,

4 Notice that this includes ionization but also radiative processes of 𝜈 <
10−2.5.



Astroparticle Physics 134–135 (2022) 102646M. Gutiérrez et al.
Fig. 4. Left. Energy depositions in 100 meter intervals of ice or water for two muons of 𝐸𝜇 = 0.5, 1, 3, 5, 10 TeV and for two bundles from 1 PeV proton showers; the total energy
deposition in the interval is proportional to the volume of each blob, whereas the shaded region represents the IceCube volume: 1 km3 at depths between 2450 and 1450 m.
Right. Average (over 104 showers) energy depositions in 100 meter intervals for bundles from proton primaries of different energy (we have included the two PeV bundles on the
left figure also in this plot).
we conclude that a more effective cut to select 𝜈𝑒 events must depend
on 𝐸max:

𝐸max

𝐸−
> 20

⎛

⎜

⎜

⎜

⎝

1 + 2

1 + exp
(

2 − 𝐸max
1 TeV

)

⎞

⎟

⎟

⎟

⎠

; 0.9 ≤
𝐸+

𝐸−
≤ 1.5 or

𝐸+

𝐸−
≤ 0.02 .

(4.1)

As we have already mentioned, the cut is a condition on the ratio
between the energy deposited after and before the maximum deposi-
tion. If 𝐸+∕𝐸− < 0.9 then there is a chance that 𝐸max has been caused
by a very energetic muon, whereas a revival of the signal by a factor
of 1.5 after 𝐸max, 𝐸+∕𝐸− > 1.5, is only expected in 𝜈𝜇 events (see
below). The 𝐸+ < 0.02𝐸− possibility in the search for 𝜈𝑒 events is
added to include neutrinos interacting after all muons in the bundle
have stopped. Finally, we will also require that the track intersecting
the detector must have a minimum length of 500 m, with at least 200
m before the maximum energy deposition (i.e., 𝐸− is obtained as the
average over at least two 100 meter intervals).

The characterization of CC 𝜈𝜇 events is equally simple. The two main
differences with the case just discussed are that (i) the 𝜈𝜇 will deposit in
the interaction point only a fraction of its energy and (ii) it will create a
muon of similar energy. Again, it is essential that the main contribution
to the atmospheric neutrino flux comes from primaries of energy (per
nucleon) just 5–20 times larger. A typical event will consist of a 𝜈𝜇
together with a leading muon and a bundle: first the propagation (a
large enough age 𝑋𝐴) weakens the muon track entering the detector,
then there is a significant energy deposition (𝐸max ≫ 𝐸−) followed by
a track that is revived by the final muon (𝐸+ > 𝐸−). We can use

𝐸max
𝐸−

> 20

⎛

⎜

⎜

⎜

⎝

1 + 2

1 + exp
(

2 − 𝐸max
1 TeV

)

⎞

⎟

⎟

⎟

⎠

;
𝐸+
𝐸−

> 1.5 . (4.2)

This condition is fully effective when the track inside the detector
includes at least two 100 m length intervals before and after 𝐸max.

We have simulated and analyzed a sample of 104 muon bundles
from proton and He showers of energy between 104 and 108 GeV at
𝑋𝐴 > 1500 m.w.e. Our procedure has been the following. First we
generate the bundle. Then we make a Monte Carlo simulation of its
propagation through the ice or water, where it defines a track of energy
depositions. We take the track after a slant depth of 1500 m.w.e. and
divide it in 500 or 900 meter intervals (‘‘short’’ and ‘‘long’’ events): each
one of these intervals might be intersecting the telescope and define an
event. For each event, we take 100 meter segments, we determine the
5

total energy deposition in each segment, we find 𝐸max, 𝐸− and 𝐸+ and
finally we apply the cuts.

We find no segment with 5 or 9 length intervals (i.e., a 500–
900 meter track inside the detector) that passes the cuts established
above and gives a false positive. In Fig. 5 (left) we plot the distribution
of 𝐸max∕𝐸− for 𝐸shower = 10 PeV, which is the energy with the largest
fraction of events passing the first cut (all energies give qualitatively
similar results). In the plot we separate the events with 𝐸max ≤ 1 TeV,
which have the cut at 𝐸max∕𝐸− ≈ 30 (at higher values of 𝐸max the cut
is closer to 60). When we apply this first cut plus the requirement of
at least two length intervals before 𝐸max, 42 out of the 6 × 106 events
survive. Then we apply the cut on 𝐸+∕𝐸−. In Fig. 5 (right) we show how
this variable is distributed among the 42 events: none of them passes
the second requirement to be classified as a 𝜈𝑒 (0.8 < 𝐸+∕𝐸− < 1.5) or
a 𝜈𝜇 (1.5 < 𝐸+∕𝐸−) event.

If we relaxed in a 10% the cut on 𝐸max∕𝐸−, 71 events would pass it
and 2 of them would give a false positive (they both would be declared
𝜈𝑒 events, see Fig. 5). In contrast, a 10% increase in the minimum value
of 𝐸max∕𝐸− implies that only 21 events pass the first cut and all of them
are clearly excluded by their value of 𝐸+∕𝐸−. The events more likely
to give a false positive appear when a single muon is produced with a
large fraction (above 1%) of the shower energy [27].

As for the real neutrino events, when we include an arbitrary
neutrino interaction that passes the cuts we find that the prescription
separating 𝜈𝜇 from 𝜈𝑒 events is very efficient. In particular, we find that
𝜈𝜇 CC interactions are never taken as a 𝜈𝑒 event, whereas the opposite
case (𝜈𝑒 interactions confused with a 𝜈𝜇 CC event) has a frequency
below 10%.

Let us illustrate these results with a couple of examples. In Fig. 6 we
provide the energy depositions produced by a 106 GeV proton (left) or
a He (right) shower. The red dots correspond to a typical muon bundle
for a 𝜈𝑒 event (with no leading muon); the proton shower in the plot
includes 10 muons of energy between 500 GeV and 2.1 TeV, whereas
the He shower generates 17 muons of energy between 500 GeV and
3.6 TeV. In both cases, we see that any 𝜈𝑒 CC event of energy above 10
TeV (omitted in the plot) at a slant depth 𝑋𝐴 ≥ 2000 m.w.e. would pass
the cut for 𝜈𝑒 events defined in Eq. (4.1). In a contained 𝜈𝜇 event (cyan
and blue dots in the same figure) we expect a leading muon after the
interaction: we have added to the muon bundle a 30 TeV leading 𝜈𝜇 plus
a 14 TeV muon (proton shower) or a 14 TeV 𝜈𝜇 plus a 10 TeV muon (He
shower). The 𝜈𝜇 experiences then a CC interaction of inelasticity 0.46
and 0.22, respectively, in both cases at 4100 m.w.e. If the interaction
occurred inside the detector, the revival of the track produced by the
final muon would imply that the event passes the 𝜈 cut. If the same
𝜇
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Fig. 5. Left. Distribution of 𝐸max∕𝐸− for 6×105 bundle ‘‘events’’ (see text) from 104 proton showers of 10 PeV. We have separated the events with 𝐸max < 1 TeV. Right. Distribution
of 𝐸+∕𝐸− for the 42 events that pass the first cut. We include the distribution when we reduce (dashes) or increase (dots) in a 10% the 𝐸max∕𝐸− cut.
Fig. 6. Energy depositions in 100 meter intervals of ice or water for a 106 GeV proton (left) or a He (right) shower. Cyan and blue dots indicate, respectively, the depositions
efore and after the 𝜈𝜇 CC interaction (see text). We include in red dots the depositions of the muon bundle without the leading muon; the 𝜈𝑒 energy deposition defining 𝐸max in

this case has been omitted.
deposition 𝐸max were produced by an isolated 10 TeV muon, instead of
stronger the track afterwards would have become significantly weaker.

5. Summary and discussion

The determination of the atmospheric neutrino flux at energies from
about 1 TeV up to several 100 TeV is essential both in the search for
atmospheric charm and for a precise characterization of the high energy
diffuse flux recently discovered by IceCube. However, this atmospheric
flux is difficult to access with 𝜈 telescopes, as at 𝐸 ≈ 10 TeV it seems
to be 5–10 times weaker than the astrophysical one. Any possibility to
disentangle these two components in the flux and search for neutrinos
from charm decays requires the detection of 𝜈 interactions in down-
going events, where the presence of additional muons will reveal the
atmospheric origin.

Here we have explored that type of events. Our analysis focuses
on the muon bundle produced in the core of the air shower together
with the neutrino. In particular, we have studied the energy depositions
as the bundle propagates in ice or water. The longitudinal pattern of
depositions would translate into a particular signal in a km3 telescope.
Our objective has been to show that this pattern could be different
enough when it includes a neutrino interaction.

Our first observation has been that most atmospheric neutrinos are
produced inside air showers that are just ten times more energetic. As
a consequence, its relative effect on the signal associated to the muon
6

bundle tends to be very large. The typical topology is a weak signal
entering the detector, followed by a large energy deposition, and finally
a stronger signal in case of a CC 𝜈𝜇 interaction or a weak one in a
𝜈𝑒 or NC interaction. Generically, neutrino events imply a signal that
increases with the slant depth inside the telescope, while muon bundles
tend to imply the opposite effect.

We have defined cuts based on the ratios 𝐸max∕𝐸− and 𝐸max∕𝐸+ (see
Section 4) that seem to exclude muon bundles of any energy. A muon
can certainly have a stochastic deposition of half its energy, but not
without leaving a trace both before (𝐸−) and after (𝐸+) this 𝐸max. In
104 simulations of muon bundles, we find that when the ratio 𝐸max∕𝐸−
is very large then the signal 𝐸+ is significantly weaker (relative to 𝐸−)
than in a CC 𝜈𝜇 or a 𝜈𝑒 event (𝐸+ < 0.8𝐸−). The bundle events that
are closest to the cuts include one single muon carrying a significant
fraction of the shower energy that deposits a large fraction of its energy
when the rest of the bundle is already weak. Actually, the search for
this type of muon events could be of interest by itself [21,27,28] and
seems also possible.

Our results should be considered just a first step in the search
for neutrino interactions in down-going events at 𝜈 telescopes. We
show that there are basic physics criteria that could separate these
events from plain muon bundles. Of course, to determine in detail
whether or not an analysis along these lines could give positive results
in actual observations would depend on the experimental conditions
(volume, energy resolution, triggers, etc.) at each observatory. Neutrino
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Table 1
Energy-dependent parameters defining 𝑓 conv

𝑝𝜈𝜇
(𝑥,𝐸) and 𝑓 conv

𝑝𝜈𝑒
(𝑥,𝐸) at 𝜃𝑧 = 45◦.

𝐸 [GeV] 103 104 105 106 107 108

𝐸 × 𝐴conv
𝜈𝜇

10.0 37.7 38.8 29.5 26.9 27.2

𝐵conv
𝜈𝜇

2.40 2.30 2.50 2.65 2.70 2.70

𝐶conv
𝜈𝜇

2.0 2.2 2.4 2.7 4.0 8.0

𝐷conv
𝜈𝜇

3.7 3.8 4.0 4.0 4.0 4.0

𝐸 × 𝐴conv
𝜈𝑒

0.55 1.14 2.18 1.40 1.35 1.75

𝐵conv
𝜈𝑒

2.60 2.50 2.50 2.65 2.70 2.70

𝐶conv
𝜈𝑒

3.0 3.0 4.0 4.5 5.0 5.0

𝐷conv
𝜈𝑒

4.6 4.7 5.0 5.0 5.0 5.0

telescopes have been built to look for high energy sources and avoid
the atmospheric background. However, they have also pursued other
more unlikely but equally interesting objectives: IceCube has been able
to define a strategy to target transient event of energy as low as 1–
10 GeV [29], to look for high 𝑝𝑇 muons [20,22], to determine the
atmospheric muon flux at 𝐸𝜇 ≥ 10 TeV [21] or to reconstruct starting

uon tracks [30]. A more precise characterization of the atmospheric
eutrino flux at 1–100 TeV seems a very interesting objective as well.
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ppendix. Neutrino yields

In our parametrization of the yields in proton showers we have
eparated the conventional 𝑓 conv

𝑝𝜈 (𝑥,𝐸) and the prompt 𝑓 charm
𝑝𝜈 (𝑥,𝐸) con-

tributions. The yields refer to the sum of 𝜈𝑖 + 𝜈̄𝑖, with 𝑖 = 𝑒, 𝜇, and we
xpress them in terms of four energy and flavor dependent parameters
𝐴, 𝐵, 𝐶, 𝐷) as:

𝑝𝜈 (𝑥,𝐸) = 𝐴𝑥−𝐵 𝑒−𝐶𝑥 (1 − 𝑥)𝐷
(

1 +

√

𝑚𝜇

𝑥𝐸 − 𝑚𝜇

)−4

, (A.1)

where 𝑚𝜇 is the muon mass. From the CORSIKA-SIBYLL 2.3C simulation
(104 showers of each energy with 𝐸min = 10−3𝐸shower and 50 showers

ith 𝐸min = 1 GeV) we deduce the value of the 4 parameters for each
lavor at six different proton energies, and then we interpolate (linearly
n log𝐸) inside each energy interval.

For the conventional yield at 𝜃𝑧 = 45◦ we obtain the values given
n Table 1. The angular dependence (see Fig. 7) may be described in
erms of the zenith angle of the line sight at ℎ = 30 km, 𝜃∗(𝜃𝑧), defined

in [1]:

tan 𝜃∗ =
𝑅⊕ sin 𝜃𝑧

√

𝑅2
⊕ cos2 𝜃𝑧 +

(

2𝑅⊕ + ℎ
)

ℎ
, (A.2)

with 𝑅⊕ the radius of the Earth. We fit

𝐴conv
𝜈 (𝜃𝑧) ≈ 𝐴conv

𝜈 (45◦)

√

300 GeV
𝐸 + cos 44.73◦

√

300 GeV ∗
. (A.3)
7

𝐸 + cos 𝜃
Fig. 7. Angular dependence for the normalization of the conventional 𝜈𝑒,𝜇 yields for
proton primaries at 1 TeV and 1 PeV. We include in dashes (cos 𝜃𝑧)−1.

For the neutrinos from charm decays we obtain similar 𝜈𝜇 and 𝜈𝑒
yields and no energy dependency in the 4 parameters:

𝐴charm
𝜈𝑖

= 1.0 × 10−4 ; 𝐵charm
𝜈𝑖

= 1.8 ; 𝐶charm
𝜈𝑖

= 10.0 ; 𝐷charm
𝜈𝑖

= 5.0 , (A.4)

with 𝑖 = (𝜈, 𝑒).
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