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Abstract: High energy neutrinos of astrophysical origin are carriers of very important astrophysical information.
In particular, they can be produced during the cosmic ray propagation in the intergalactic medium or by their
interactions on the acceleration sites. The determination of the flavor composition at the highest energies presents
a unique chance to probe our understanding of neutrino flavor oscillations and to search for new fundamental
physics in this unexplored energy range. In this work we present a new statistical method specially developed
for neutrino flavor identification at the highest energies. It is based on the different multipeak structure present
in the longitudinal profiles of very deep electron and tau neutrino horizontal air showers. This technique is more
suitable for the observation of the neutrino showers from the space because of the much larger aperture of the
orbital fluorescence telescopes compared with ground based ones.
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1 Introduction
The existence of neutrinos of Eν ! 1012 eV is strongly mo-
tivated by the observation of cosmic rays up to energies
of order of 1020 eV. These cosmic ray particles, mainly
composed by protons and heavier nuclei, interact in the
sources (see, for instance, Ref. [1]) or during their prop-
agation through the intergalactic medium [2], producing
weakly decaying particles such as pions and kaons that de-
cay into neutrinos. High energy neutrinos can also be gene-
rated as the main product of the decay of superheavy relic
particles [3, 4].
Cosmic ray observatories are sensitive to high energy

neutrinos. Horizontal and quasihorizontal neutrino show-
ers as well as Earth skimming tau neutrino showers can
be observed by using surface detectors or fluorescence
telescopes placed over the Earth’s surface or in space. At
present no astrophysical neutrino has been observed in cos-
mic ray observatories and then, upper limits on its flux
have been obtained [5].
In this work we present a new technique to discriminate

between scenarios with different compositions of electron
and tau neutrinos, by using very deep tau and electron
neutrino horizontal showers [6]. This new technique is
based on the morphology of the longitudinal profiles of
the horizontal neutrino showers that can be observed by
means of fluorescence telescopes. In particular, we study in
detail the highest energy region of the neutrino flux that is
relevant for space observations with the upcoming orbital
fluorescence telescopes like JEM-EUSO [7].

2 Electron and tau neutrino showers
Neutrinos can initiate atmospheric air showers when they
interact with the nucleons in the air molecules. The proba-
bility that a neutrino interacts in the atmosphere increases
with the zenith angle because of the increase of the num-
ber of target nucleons. High energy neutrinos, propagating
through the atmosphere, can suffer charge (CC) and neu-

tral (NC) current interactions. The CC interactions are the
most important for space observations.
As a result of a CC interaction, a very high energy lep-

ton, which takes most of the energy of the incident neu-
trino, is generated, νℓ+N → ℓ+X , where N is a nucleon,
ℓ = {e−,µ−,τ−}, and X is the hadronic component. Typ-
ically, the produced lepton ℓ takes ∼ 80% of the neutrino
energy at Eν ∼= 1020 eV, and the rest of the energy goes
into the hadronic component X . In the case of electron
neutrino showers, the produced electron together with the
hadronic component initiate an air shower right after the
neutrino interaction. Because most of the times the elec-
tron takes most of the neutrino energy, the electron neu-
trino showers have characteristics more similar to the elec-
tromagnetic showers than to the hadronic showers; how-
ever, the effects of the hadronic component are not negli-
gible specially for showers developing in dense regions of
the atmosphere (see Ref. [8] for details).
In the case of tau neutrinos, while the hadronic compo-

nent X initiates a low energy shower immediately after the
CC interaction (first bang), the tau lepton produced prop-
agates through the atmosphere almost without interacting
and then, after a given distance, decays. The particles pro-
duced in the decay initiate a more energetic shower than
the first one, producing a second bang. There are several
channels for tau decay which can be classified in three
groups [9],

• Electromagnetic channel: τ → ντ + e−+νe− .

• Hadronic channel: τ → ντ +X , where X can be pi-
ons, kaons, etc.

• Muonic channels: τ → ντ + µ−+νµ .

The branching ratios of the electromagnetic, hadronic,
and muonic channels are bem = 0.18, bh = 0.645, and
bµ = 0.175, respectively. The tau neutrino showers corre-
sponding to the muonic channel are difficult to observe
because of the large decay length of the muons at the
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energies considered, and then, only the electromagnetic
and hadronic channels are relevant for the detection of tau
showers. Therefore, considering just the electromagnetic
and hadronic channels,∼ 78% of the tau neutrino showers
are of hadronic origin whereas ∼ 22% are of electromag-
netic origin.
Electron neutrino showers are simulated following

the procedure introduced in Ref. [8]. The charge cur-
rent neutrino-nucleon interaction is simulated by using
PYTHIA [10], linked with the LHAPDF library [11],
which allows the use of different sets of parton distribu-
tion functions (PDFs). The CTEQ66 [12] set of PDFs, the
most commonly used at the highest energies, is used in this
work. The secondary particles, produced in the interaction,
are used as input in the program CONEX [13] (v2r2.3), in
order to simulate the shower development. The high en-
ergy hadronic interaction model used for the shower simu-
lations is QGSJET-II [14].
The CC tau neutrino-nucleon interaction and the pro-

duction of the corresponding tau lepton, are simulated us-
ing PYTHIA with the CETQ66 set of PDFs. The decay of
the tau is simulated with the program TAUOLA [9]. Then,
the particles produced in the decays are used as input in
CONEX (with QGSJET-II) in order to simulate the shower
development.
A library of horizontal neutrino showers is generated by

using the simulation chain described above. The primary
energy of the neutrinos ranges from 1018 eV to 1020.5 eV in
steps of ∆ log(Eν/eV) = 0.25. The interaction point of the
electron neutrinos and the decay of the taus are just above
the Earth’s surface, the densest region of the atmosphere.
Note that the injection point is such that the trajectory of
the showers starts at the vertical axis of a nadir-pointing
orbital telescope at sea level. Therefore, hereafter we de-
note very deep horizontal (VDH) showers to the showers
initiated by the interaction of horizontal electron neutrinos
or the decay of tau leptons (generated by the interaction of
horizontal tau neutrinos), such that the interaction point of
the electron neutrinos, or the decay of the tau leptons, is
placed at the vertical axis of a nadir-pointing telescope at
sea level.
Figure 1 shows the longitudinal profiles (deposited en-

ergy per unit of atmospheric depth) for VDH electron
and tau neutrino showers of Eν = 1020 eV. The multiple
peak structure present in the profiles is caused by the fluc-
tuations introduced by the Landau Pomeranchuk Migdal
(LPM) effect, which is important for showers dominated
by the electromagnetic component. Note that, as can be
seen from the figure, the VDH electron neutrino showers
are more affected by the LPM effect.

3 Flavor discrimination
As mentioned before, VDH neutrino showers present a
multipeak structure caused by the fluctuations introduced
by the LPM effect. In particular, electron neutrino showers
are more affected by this effect because they are dominated
by the electromagnetic component. In contrast, tau show-
ers are less affected by this effect, because ∼ 78% of the
times the tau decays are of the hadronic type. Therefore,
the number of peaks present in a given longitudinal profile
should be a good parameter to discriminate between VDH
electron and tau neutrino showers.
Given a simulated longitudinal profile, the number of

peaks and their positions are determined following the pro-
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Figure 1: Longitudinal profiles for VDH electron and tau
neutrino showers of Eν = 1020 eV.

cedure described in Ref. [8]. The upper panel of figure 2
shows the distribution of the position of the first peak,X 1max,
found from the beginning of the shower, X0, for electron
and tau neutrino showers of Eν = 1020 eV. Note that the
distribution function of ∆X 1max = X1max−X0 for VDH elec-
tron neutrino showers is bivalued and its first peak is lo-
cated at ∆X 1max ∼ 800 g cm−2, while the second one is cen-
tered at ∆X 1max ∼ 1500 g cm−2. The first peak is related
to the development of the hadronic component of the cas-
cade, whereas the second one mainly reflects the electro-
magnetic components of the shower (see Ref. [8] for a de-
tailed discussion). As expected, the distribution function of
∆X1max for VDH tau neutrino showers is also bivalued but
the hadronic peak is much more important. The profiles
corresponding to electron neutrino showers have a larger
probability to have more than one peak. In particular, the
probability to have just one peak for VDH electron neu-
trino showers of Eν = 1020 eV is∼ 0.67, whereas for VDH
tau neutrino showers it is ∼ 0.98.
Figure 3 shows the probability to find just one peak,

PX1max , in a profile corresponding to VDH electron and tau
neutrino showers as a function of the primary energy. The
solid lines in the figure are fits to the data points with the
function

PX1max(Eν) =
p0

1+
!
Eν
E0

"γ , (1)

where p0,E0, and γ are free fit parameters. The probability
to find a profile with just one peak decreases with primary
energy, owing to the fact that the LPM effect becomes
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Figure 2: Distribution of the first peak ∆X 1max for VDH
electron and tau neutrino showers.

more important at higher energies. As expected, PX1max(Eν)
for tau neutrinos is larger than the corresponding one for
electron neutrinos.
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Figure 3: Probability to find a profile with just one peak
as a function of primary energy for VDH electron and tau
neutrino showers.

The decay length of a tau lepton of energyE τ is given by
Lτ (Eτ) ∼= 4900

#
Eτ/1020eV

$
km. Therefore, the probabil-

ity that a high energy tau, generated in a CC interaction of
a horizontal tau neutrino with an atmospheric nucleon, de-
cays just above the Earth’s surface is smaller than the prob-
ability that an horizontal electron neutrino suffers a CC in-
teraction with an atmospheric nucleon at the same point.
Because of this, the number of VDH tau neutrino showers
are suppressed compared with the electron neutrino ones
at higher energies [6].
Figure 4 shows the ratio, Rν , between the number of

VDH tau neutrino showers and VDH electron neutrino
showers for an incident flux with the same number of elec-
tron and tau neutrinos as a function of the neutrino energy.
Rν decreases with the neutrino energy in such a way that
between Eν = 1018 eV and Eν = 1019.75 eV it falls from
∼ 1 to ∼ 0.13. Note that when the tau neutrino energy de-
creases, the energy of the tau lepton produced in the inter-
action also decreases; as a consequence the lifetime of the
tau lepton, in the laboratory frame, also decreases. There-
fore, when the tau neutrino energy is small enough, the tau

lepton decays almost immediately after being produced,
and then the shower starts very close to the point corre-
sponding to the case of electron neutrinos, producing val-
ues of Rν close to one.
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Figure 4: Ratio of the number of VDH tau neutrino show-
ers to the number of VDH electron neutrino ones as a func-
tion of primary energy.

Although the number of VDH tau neutrino showers is
smaller compared with the VDH electron neutrino ones,
few events can give relevant information about the differ-
ent flavors present in a sample. Figure 5 shows the regions
of 95% probability to find a fraction of neutrino show-
ers with one peak, f1 = n1/N, as a function of the sam-
ple size N for VDH electron and tau neutrino showers of
Eν = 1019.75 eV. For the case of VDH electron neutrino
showers this region is enclosed by f1= 0 and f1= f max1 (N)
and for tau neutrino showers by f1 = f min1 (N) and f1 = 1
where f max1 (N), and f min1 (N) are calculated by using n1 as
a binomial random variable. The probability to find just
one peak in a longitudinal profile is obtained from the fits
of PX1max (see Eq. (1)). It can be seen that with a sample of
a small number of events, it is possible to say something
about the neutrino flavors present in the sample, depend-
ing on the observed number of profiles with just one peak,
n1. If f1, obtained from the observations, falls in the non-
shadowed region, the hypothesis of having a pure sample
of electron or tau neutrinos is rejected with at least 95%
probability. Also for N ! 10, if f1 falls in some of the two
shadowed regions, it indicates that it is possible to reject
the hypothesis of having a pure sample of neutrinos of the
opposite flavor, with at least 95% probability.
The distribution function of f1 for a given energy, sam-

ple size, and the electron neutrino abundance of the in-
cident flux for a binary mixture of electron and tau neu-
trinos, cνe = N(νe)/(N(νe) + N(ντ )), is obtained from
Monte Carlo simulations. Figure 6 shows the intervals of
68% probability of f1, as a function of the sample size,
for three different values of electron neutrino abundances,
cνe = {0.25,0.5,0.75}, and for Eν = 1019.75 eV. It can be
seen that scenarios in which the incident flux is dominated
by tau neutrinos are easier to discriminate, i.e. samples of
a smaller size are required.
Given the flavor content of the incident flux, it is possi-

ble to use the parameter f1 to calculate the minimum num-
ber of events, Nmin, required to reject a false hypothesis
[6]. Scenarios in which the incident flux is dominated by
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Figure 5: Regions of 95% probability of the random vari-
able f1 = n1/N (see the text) as a function the sample size
N for VDH electron (red) and tau (green) neutrino show-
ers with Eν = 1019.75 eV.
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Figure 6: Regions of 68% probability of f1 for three
different values of electron neutrino abundance, c νe =
{0.25,0.5,0.75}. The primary energy corresponds to E ν =
1019.75 eV.

tau neutrinos are easy to identify, and samples with several
events, depending on the primary energy, are required in
order to reject the hypothesis of having electron neutrinos
alone. However, because of the suppression of very deep
horizontal tau neutrino showers with respect to electron
neutrino ones, a large number of events is required to dis-
criminate between scenarios with electron neutrinos alone
and a mix of an equal number of tau and electron neutri-
nos.
Note that the energy deposition of electron and tau neu-

trino showers is very different because the tau leptons, ge-
nerated in the CC interactions of tau neutrinos with the nu-
cleons of the atmosphere, decay to tau neutrinos and other
particles; thus the energy taken by this secondary tau neu-
trino do not go to the shower. Therefore, if the deposited
energy is used to reconstruct the primary energy without
any correction, the standard procedure when fluorescence
telescopes are used to observe the showers, then tau show-
ers are reconstructed with smaller energies than that corre-
sponding to electron neutrinos. The impact of the energy
determination on the method developed above is studied in
detail in Ref. [6].

4 Conclusions
In this work we have presented a new statistical technique
intended to study the flavor content of the incident flux of
high energy astrophysical neutrinos. This new method is
based on the morphological differences between the lon-
gitudinal profiles corresponding to very deep horizontal
electron and tau neutrino showers that can be observed by
means of fluorescence telescopes. In particular, the multi-
peak structure of the profiles strongly depends on the flavor
of the incident neutrino. Very deep horizontal showers ini-
tiated by electron neutrinos present more fluctuations, ow-
ing to the LPM effect, than the corresponding one to tau
neutrinos. Therefore, the number of showers with just one
peak can be used to discriminate between different scenar-
ios for the flavor content of the incident neutrino flux.
The difference between the probability to find just one

peak, in a given profile, for very deep horizontal electron
and tau neutrino showers starts to be important for energies
! 1019.5 eV. Then this technique is more relevant for fluo-
rescence telescopes in orbit around the Earth, like the up-
coming JEM-EUSO mission and Super-EUSO, owing to
their huge exposure.
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