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Abstract Ultra high energy photons and neutrinos are carriers of very important

astrophysical information. They may be produced at the sites of cosmic ray accel-

eration or during the propagation of the cosmic rays in the intergalactic medium. In

contrast to charged cosmic rays, photon and neutrino arrival directions point to the

production site because they are not deflected by the magnetic fields of the Galaxy

or the intergalactic medium. In this work we study the characteristics of the lon-

gitudinal development of showers initiated by photons and neutrinos at the highest

energies. These studies are relevant for development of techniques for neutrino and

photon identification by the JEM-EUSO telescope. In particular, we study the possi-

bility of observing the multi-peak structure of very deep horizontal neutrino showers

with JEM-EUSO. We also discuss the possibility to determine the flavor content of

the incident neutrino flux by taking advantage of the different characteristics of the

longitudinal profiles generated by different type of neutrinos. This is of grate impor-

tance for the study of the fundamental properties of neutrinos at the highest energies.

Regarding photons, we discuss the detectability of the cosmogenic component by

JEM-EUSO and also estimate the expected upper limits on the photon fraction which
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can be obtained from the future JEM-EUSO data for the case in which there are no

photons in the samples.

Keywords Neutrinos · Photons · Space observation

1 Introduction

In the last few years the understanding of the cosmic rays at the highest energies has

been significantly advanced due largely to the significant amount of high-quality data

recorded by the Pierre Auger Observatory. However, the origin and composition of

these energetic particle remains unknown. A promising approach to help unravel this

mystery involves multimessenger observations. High energy photons and neutrinos

play a fundamental role in these types of studies. One of the advantages of the obser-

vation of neutral particles like photons and neutrinos is that their trajectories are not

deflected by the Galactic and intergalactic magnetic fields and thus point back to the

production site.

Ultra high energy (E � 1018 eV) photons [1–3] and neutrinos [4–14] can be

generated as a by-products of the interaction of cosmic rays during their propaga-

tion through the intergalactic medium. They can also be produced by cosmic ray

interactions in the acceleration sites [15–18]. Furthermore, they can be generated in

top-down scenarios involving the decay of super heavy relic particles or topological

defects [19–21] though this is disfavored by current data. Very recently, the IceCube

Collaboration reported an observation of 28 neutrino candidates in the energy range

10 TeV < Eν < 1 PeV [22]. This constitutes a 4.3 sigma excess over the expected

background from atmospheric neutrinos, suggesting that the era of cosmic neutrino

astronomy may be close at hand.

The flavor content of the astrophysical neutrino flux is a function of the neutrino

energy [23–25]. One of the main mechanisms that causes the flavor ratio to change

is based on the fact that pions and muons produced in the sources lose their energy

because of the interaction with the ambient magnetic field. The pion decay time is

shorter than the corresponding one to the muon, and then, at sufficiently high ener-

gies, the probability of pion decay, prior to significant energy loss, is larger than

the corresponding one to the muon. As a consequence, the flavor ratio at the source

changes from �νe : �νμ : �ντ = 1 : 2 : 0 to �νe : �νμ : �ντ = 0 : 1 : 0. The

transition between theses two regimes depends on the characteristics of the source.

Therefore, the determination of the flavor content of the flux is of great importance

for the understanding of the physical processes that take place in the source. The

flavor information can also be used to study the more fundamental properties of neu-

trinos and to identify physics beyond the standard model (see, for instance, Refs.

[26–28]).

Here we consider the potential to observe ultra high energy neutrinos and pho-

tons using orbital detectors like JEM-EUSO. The identification of events initiated

by these primary particles is based on the unique characteristics of the longitudinal

profiles of the showers that they generate in the atmosphere. In this work we study

the characteristics of the electron and tau neutrino induced horizontal air showers
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that develop very deep in the atmosphere. We discuss the possibility to discriminate

between electron and tau neutrinos by using the multi-peak structure of the longitu-

dinal profiles present in these types of events. We also evaluate the response of the

JEM-EUSO telescope to these types of showers and discuss the possibility to discern

the predicted multi-peak structure in the data. Furthermore, we study the possibility

to identify photons using the atmospheric depth at which showers reach their maxi-

mum size as the discrimination parameter. Finally, we estimate the number of photon

events expected by JEM-EUSO for an optimistic astrophysical model and also calcu-

late the upper limit on the photon fraction in the integral cosmic ray flux which can

be obtained for the case in which no photons are observed.

2 Neutrinos

2.1 Neutrino-nucleon interaction

High energy neutrinos that propagate in the Earth’s atmosphere can interact with

the protons and neutrons in air molecules. There are two possible channels for this

interaction, charged current (CC) and neutral current (NC):

CC: νℓ + N → ℓ + X, (1)

NC: νℓ + N → νℓ + X. (2)
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Fig. 1 Distribution of the energy fraction carried by the electron in an electron neutrino-proton charged

current interaction. The electron neutrino energy is Eν = 1020 eV and PYTHIA with the CTEQ66 set of

PDFs are used for the simulation
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Here N is a nucleon (proton or neutron), νℓ is a neutrino of the family ℓ, where ℓ is

the corresponding lepton, and X denotes the hadronic products of the interaction. At

the level of the quark-parton model, the entire hadronic state of a deep inelastic scat-

tering may be viewed as the fragmented product of a scattered quark and the proton

remnant. The major uncertainty on the differential cross section at the energies con-

sidered here comes from the unknown behavior of the parton distribution functions

(PDFs) at very small values of the parton momentum fraction x [29].

In this work, the simulation of the neutrino-nucleon interaction is performed by

using the PYTHIA code [30] linked with the library LHAPDF [31] which allows

for different extrapolations of the PDFs. PYTHIA is an event generator, intended for

high-energy processes with particular emphasis on the detailed simulation of quan-

tum chromodynamics (QCD) parton showers and the fragmentation process. Figure 1

shows the distribution function of the energy fraction carried by the electron as a

result of a CC interaction of a 1020 eV electron neutrino with a proton. The set of

PDFs used for the simulation is CTEQ66 [32].

The distribution function of the energy fraction carried by the leading particle

after a CC or NC interaction depends on the primary energy of the incident neu-

trino. Figure 2 shows the mean value of the energy fraction of the leading electron

neutrino generated in an electron neutrino-proton CC interaction as a function of

the electron neutrino energy. The energy fraction carried by the electron increases

with the energy of the incident electron neutrino reaching values close to 0.82 at

Eνe−
= 1020 eV.
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Fig. 2 Average energy fraction taken by the electron in an electron neutrino-proton charged current inter-

action as a function of the neutrino energy. PYTHIA with the CTEQ66 set of PDFs is used for the

simulation
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2.2 Characteristics of neutrino showers

Neutrinos can initiate atmospheric air showers when they interact with the nucle-

ons of air molecules. The CC interactions are the most important for space-based

observations because in NC interactions the majority of the energy is carried off

by a secondary neutrino which can only produce an observable air shower if it suf-

fers a subsequent CC interaction. The potential to observe showers produced by

the hadronic component resulting from the NC interaction depends on the energy

threshold of the telescope. In this work, only showers initiated by CC interactions

are considered. Note that the probability that a neutrino interacts in the atmosphere

increases with the zenith angle because of the increase of the density of target

nucleons.

Electron neutrino showers are simulated following Ref. [33]. As mentioned before,

the charged current neutrino-nucleon interaction is simulated by using PYTHIA

with the CTEQ66 set of PDFs. The secondary particles produced in the interac-

tion are used as input in the program CONEX [34] (v2r2.3) in order to simulate

the shower development. The high energy hadronic interaction model used for the

shower simulations is QGSJET-II [35].

Because the mean free path of neutrinos propagating in the atmosphere is very

large, they can interact very deeply, after traversing a large amount of matter. An

orbital detector like JEM-EUSO can detect horizontal showers that do not hit the
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Fig. 3 Horizontal electron neutrino showers of Eν = 1020 eV at four different altitudes
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ground. In particular, horizontal neutrinos can interact at higher altitudes produc-

ing a shower more easily observable from orbit. Figure 3 shows the energy deposit

as a function of X − X0, where X is the atmospheric depth and X0 is the atmo-

spheric depth of the first interaction point for horizontal electron neutrino showers

of Eν = 1020 eV. The first interaction points are shown at various altitudes for

shower trajectories starting at the vertical axis of the JEM-EUSO telescope in Nadir

mode.

The profiles corresponding to lower altitudes exhibit very broad distributions,

large fluctuations, and may possess several peaks. This behavior is due to the

Landau and Pomeranchuk [36, 37], Migdal [38] (LPM) effect, which is very

important for electromagnetic particles in dense regions of the atmosphere; in

this case, for the electrons which carry on average 82 % of the parent neu-

trino energy. It can also be seen that as the altitude increases the fluctuations

are reduced and, on average, the profiles become narrower. This is a result

of the LPM effect becoming progressively less important with increasing alti-

tude due to the decrease in atmospheric density. Figure 4 shows the probability

of producing profile with a given number of peaks, N(Xi
max). As the altitude

increases the probability of finding a shower with more than one peak becomes

negligible.

In the case of tau neutrinos, the hadronic component X initiates a low energy

shower immediately after the CC interaction (first bang), while the generated tau

lepton propagates through the atmosphere almost without interacting and then, after

a given distance, decays. The particles produced in the tau decay initiate a more
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Fig. 4 Probability of an electron neutrino shower to have N(Xi
max) maxima in the longitudinal profile of

the shower, for Eν = 1020 eV for horizontal showers at different altitudes
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energetic shower than the first one, producing a second bang. There are several tau

decay channels which we classify in three categories: [39],

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

– Hadronic channels: τ → ντ + X, where X can comprise pions, kaons, etc.

– Muonic channel: 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 show-

ers in the muonic channel are difficult to observe because of the large decay length

of muons at the energies considered. Consequently we consider here only the elec-

tromagnetic and hadronic channels, in which case ∼ 78 % of the showers are of

hadronic origin and ∼ 22 % are of electromagnetic origin.

The simulation of tau neutrino showers is performed following Ref. [40]. The CC

tau neutrino-nucleon interaction and the production of the corresponding tau lepton

are simulated using PYTHIA with the CETQ66 set of PDFs. The decay of the tau is

simulated with the program TAUOLA [40]. The resulting particles are used as input

in CONEX with QGSJET-II in order to simulate the shower development.

Although the tau decay length is quite large at the energies under consideration,

λτ
∼= 4900×(Eτ/1020eV) km, there is a non zero probability to have a tau decay (i.e.,

the second bang) in the central region of the JEM-EUSO field of view. In particular,

considering horizontal showers at sea level, the ratio between the number of events

for which the tau decays in the central region of the JEM-EUSO field of view and the

number of events corresponding to electron neutrinos interacting at the same point

decreases from ∼ 1 at Eν = 1018 eV to ∼ 0.13 at Eν = 1019.75 eV (see Ref.
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Fig. 5 Horizontal tau neutrino showers of Eντ
= 1020 eV at sea level
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[39] for details of the calculation). In the subsequent analysis just the second bang is

considered.

Figure 5 shows the longitudinal profiles for horizontal tau neutrino showers of

Eντ = 1020 eV for which the point where the tau decays is placed at sea level on the

vertical axis of the JEM-EUSO telescope in nadir mode. As for the case of electron

neutrino showers, the multiple peak structure present in the profiles is caused by

fluctuations introduced by the LPM effect. As expected, tau neutrino showers are less

affected by the LPM effect than electron neutrino showers. This is because ∼ 78 %

of the detectable tau neutrinos showers are hadronic.

The number and positions of peaks in a given simulated profile are determined

following the procedure described in Ref. [33]. Figure 6 shows the distribution of the

position of the first peak, X1
max, relative to the first interaction point, X0, for electron

and tau neutrino horizontal showers of Eν = 1020 eV in which the first interaction

point is at sea level and on the vertical axis of JEM-EUSO in nadir mode. Note that

the distribution function of �X1
max = X1

max − X0 for electron neutrino showers is

bi-valued and its first peak is located at �X1
max ∼ 800 g cm−2, while the second one

is centered at �X1
max ∼ 1500 g cm−2. The first peak is related to the development

of the hadronic component of the cascade, whereas the second one reflects mainly

the electromagnetic components of the shower [33]. As expected, the distribution

function of �X1
max for tau neutrino showers is also bi-valued but the hadronic peak

is much more important.
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Fig. 6 Distribution of the position of the first peak (in grammage) for electron and tau neutrino showers

whose first interaction point is at sea level and on the vertical axis of JEM-EUSO in Nadir mode. The

neutrino energy is Eν = 1020 eV. The histograms are normalized to unity
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Figure 7 shows the probability to find a profile with N
(

Xi
max

)

peaks. As expected,

the profiles corresponding to electron neutrino showers have a larger probability to

have more than one peak than profiles from tau neutrino showers. In particular, the

probability to have just one peak for electron neutrino showers of Eν = 1020 eV is

∼ 0.67, whereas for tau neutrino showers it is ∼ 0.98.

In Ref. [39] it is shown that the fraction of showers with just one peak, f1 = n1/N ,

can be used as a parameter to discriminate between tau and electron neutrinos. Even

with a sample with small number of events (N � 10) it is possible to say something

about the flavor content of the incident neutrino flux.

Muon neutrino showers can be initiated by the electrons generated in the dominant

decay channel of the muons produced in the CC interaction. However, these showers

are difficult to observe because of the very large decay length of the muon at such

high energies, λ(Eμ) ∼= 6.23×1010(Eμ/1019eV) km, which implies that, in practice,

the muon never decays inside the JEM-EUSO field of view.

2.3 Neutrino showers observed with JEM-EUSO

The EUSO Simulation and Analysis Framework (ESAF) is used to simulate the

response of JEM-EUSO to neutrino induced showers (see Ref. [41] for details).

Figure 8 shows the time distributions of fluorescence photons that produce a signal

on the photomultipliers (PMTs) for two events corresponding to horizontal electron

neutrino showers of 1020 eV. The first interaction point is at sea level on the vertical

axis of the JEM-EUSO telescope in Nadir mode. The shower corresponding to the
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Fig. 7 Probability to find N(Xi
max) peaks in a profile corresponding to electron and tau neutrino showers

whose first interaction point is at sea level on the vertical axis of JEM-EUSO in Nadir mode. The neutrino

energy is Eν = 1020 eV
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Fig. 8 Time distribution of fluorescence photons that produce signal on the PMTs for two electron neu-

trino horizontal showers of Eν = 1020 eV. The interaction point is at sea level in the center of the field of

view of the JEM-EUSO telescope. The time is measured in Gate Time Units (GTUs), 1 GTU = 2.5 μs

event in the left panel has just one peak whereas the one on the right has two peaks.

As can be seen from the figure, these characteristics are reflected in the distributions

of detected photons. Note that the space between the photomultipliers can produce

fake peaks specially for the cases in which there are few photoelectrons and the fluc-

tuations are larger [42]. This is the case of the event on the right panel of the figure

in which the second peak is divided into two. However, this fake peaks are easy to

recognize because the configuration of the photomultipliers is known. The number

of fluorescence photons that produced a signal is ∼ 228 on average.

Figure 9 shows two simulated events under the same conditions as the ones corre-

sponding to Fig. 8 except that the altitude is now set to 5 km. It can be seen that the

number of photons that produce signal on the PMTs increases and the time distribu-

tions become wider. The increase on the width of the time distributions of photons

has to do with the fact that the showers develop closer to the telescope. Also the num-

ber of photons increases for higher altitudes due to this fact, however the dominant

effect in the increase of the number of photons is the reduction in the attenuation

suffered by the photons that propagate in the atmosphere from the shower track to

the telescope. Note that also in this case the multi-peak structure of the showers can

be observed in the distribution of photons detected by the telescope (right panel). In

this case the number of fluorescence photons contributing to the signal is ∼ 663 on

average; at 10 km this number increases to ∼ 1426.

Considering an isotropic flux of neutrinos with trajectories intersecting the ground,

the maximum number of neutrino showers is achieved at a zenith angle of approxi-

mately 80◦.1 Figure 10 shows the trigger efficiency of the JEM-EUSO telescope in

Nadir mode as a function of the atmospheric depth of the first interaction point of the

electron neutrino for the case of showers at θ = 80◦ that hit the ground on the cen-

ter of the telescope’s field of view. The first interaction point of the neutrino showers

1The zenith angle θ for which the maximum number of neutrino showers is achieved corresponds to the

maximum of the product of the 2 sin θ cos θ distribution with the probability that a neutrino interacts in

the atmosphere which is a function of θ .

Exp Astron (2015) 40:2 5–21 33224

Author's personal copy



GTU

0 5 10 15 20 25 30 35 40

N
u

m
b

er
 o

f 
p

h
o
to

n
s

0

10

20

30

40

50

60

 = 5 km0h

GTU

0 5 10 15 20 25 30 35 40

N
u

m
b

er
 o

f 
p

h
o
to

n
s

0

10

20

30

40

50

60

 = 5 km0h

Fig. 9 Time distribution of photons that produce signal on the PMTs for two electron neutrino horizontal

showers of Eν = 1020 eV. The interaction point is at an altitude of h0 = 5 km in the center of the field of

view of the JEM-EUSO telescope

used for the calculation is selected at random from a uniform distribution in the inter-

val [ 0, XL(80◦)], where XL(80◦) ∼= 5766 g cm−2 is the grammage between the top

of the atmosphere and the Earth’s surface for θ = 80◦. The electron neutrino energies

considered are 1020, 1019.75, 1019.5, and 1019.3 eV.

From Fig. 10 it can be seen that at 1020 eV the trigger efficiency is approximately

one form X0 = 0 to X0 ∼ 4000 g cm−2, after that it starts to decrease reaching zero

at the Earth’s surface. The behavior of trigger efficiency close to the Earth’s surface

can be explained by the fact that the showers do not have time to develop completely

before hitting the ground. For lower energies the deposited energy of the showers

is smaller and then the number of fluorescence and Cherenkov photons generated

during the shower development decreases producing smaller values of the trigger

]-2  [g cm0X

0 1000 2000 3000 4000 5000

T
r
ig

g
er

 E
ff

ic
ie

n
cy

0

0.2

0.4

0.6

0.8

1

1.2

1.4

 eV20 = 10νE

 eV19.75 = 10νE

 eV19.5 = 10νE

 eV19.3 = 10νE

° = 80θ

Fig. 10 Trigger efficiency as a function of the grammage of the first interaction point corresponding to

electron neutrino showers that hit the ground on the center of the field of view of the JEM-EUSO telescope

in Nadir mode. The zenith angle of the showers is θ = 80◦
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efficiency. For 1019.75 eV the behavior of the trigger efficiency is similar to the one

corresponding to 1020 eV but it is smaller specially in the region close to the Earth’s

surface. Note that for smaller energies, 1019.5 and 1019.3 eV, the trigger efficiency is

a decreasing function of X0. This is due to the fact that for larger values of X0 the

showers are more affected by the LPM effect which makes the longitudinal profiles

to be wider and smaller decreasing the number of triggered events.

3 Photons

3.1 Characteristics of photon showers

Ultra high energy photons can interact with the magnetic field of the Earth producing

electron positron pairs, thus modifying the development of photon initiated atmo-

spheric showers (see Ref. [43] for a review). The probability of this pre-showering

depends on the intensity of the component of the magnetic field perpendicular to the

direction of propagation of the photon. Thus, the characteristics of the correspond-

ing showers strongly depend on the geographical position of the impact point and the

direction of incidence of the incoming primary photon. Additionally, the develop-

ment of a photon shower is influenced by the LPM effect which causes a reduction in

pair production cross-section, retarding the development of the shower. The longitu-

dinal evolution of high energy photon showers is dominated by the interplay between

these two effects, with consequences for the possibility of discrimination between

photon and proton showers.
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Fig. 11 Contour plot of med[X
γ
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core location on the Earth surface. The showers considered are such that θ ∈ [45◦, 90◦] and E ∈
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eV
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The program CONEX is used to generate proton and photon showers. The impact

points of the photon showers are distributed uniformly on the surface of the Earth

in order to properly take into account pre-showering in the geomagnetic field. The

arrival direction of the showers is distributed isotropically. The atmospheric depth

corresponding to the point of maximum development of the cascades, Xmax, is one of

the parameters most sensitive to the nature of the primary. Xmax can be reconstructed

from the future JEM-EUSO data and will play a fundamental role in the photon-

hadron discrimination analyses.

Figure 11 shows, in Aitoff projection, a contour plot of med
[

X
γ
max

]

−med
[

X
pr
max

]

as a function of latitude and longitude of the impact point on the Earth for zenith

angle θ ∈ [45◦, 90◦] and E ∈
[

1019.8, 1020
]

eV. Here med
[

XA
max

]

is the median

of the distribution function of the shower maximum, XA
max, for the particle type A

where A = γ, pr . It can be seen that there are regions over the Earth’s surface where

this difference is larger, resulting in more efficient discrimination between protons

and photons. Note that the larger difference between the medians are located in the

region of the South Atlantic Anomaly for which the intensity of the magnetic field is

smaller.

The discrimination power of the Xmax parameter can be estimated through the

merit factor,

η =
med

[

X
γ
max

]

− med
[

X
pr
max

]

√

(

�X
γ
max

)2
+

(

�X
pr
max

)2
, (3)

where �XA
max is one half of the length of the interval of 68 % of probability of the

XA
max distribution. Events that satisfy a given cut in zenith angle and correspond to
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Fig. 12 Contour plot in galactic coordinates of the distribution function of the events with η ≥ 1.4,

E ∈
[

1019.8, 1020
]

eV, and θ ∈ [45◦, 90◦]
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Fig. 13 Xmax distribution for proton and photon primaries with E ∈
[

1019.8, 1020
]

eV and θ ∈ [30◦, 60◦].

The histograms are normalized to unity

regions over the Earth surface for which η ≥ ηlim, where ηlim defines the minimum

discrimination power, come from different regions of the universe. In particular, there

are directions in the sky for which the discrimination between protons and photons

is larger. Figure 12 shows a map in galactic coordinates of the distribution function

of events that fulfill the following conditions: θ ∈ [45◦, 90◦], E ∈
[

1019.8, 1020
]

eV,

and ηLim = 1.4. A circular window of 5◦ and a uniform exposure in right ascension

are used for the calculation.

Note that the regions on the sky where the distribution function takes larger values

correspond to regions on the Earth surface predominantly in the southern hemisphere

where the maximum separation between protons and photons is obtained.

Figure 13 shows the Xmax distribution for proton and photon primaries with E ∈
[

1019.8, 1020
]

eV and θ ∈ [30◦, 60◦]. It can be seen that the distribution function

corresponding to photons has two populations, one corresponding to the photons pre-

showered in the geomagnetic field and the one photons that do not pre-shower. Events

that pre-shower exhibit smaller values of Xmax and smaller fluctuations. Note that

the presence of this population diminishes the discrimination power between photons

and protons.

Figure 14 shows the medians and the regions of 68 % probability of the Xmax

distribution for proton and photon primaries with θ ∈ [30◦, 60◦] as a function of

primary energy. It can be seen that for photon primaries the pre-showering effect

starts to be important at energies larger than ∼ 1019.6 eV. Between ∼ 1019.6 and

∼ 1020.1 eV the Xmax distribution is composed of both populations of events and

for energies larger than ∼ 1020.1 eV the Xmax distribution is dominated by photons

that pre-showered. Note that in the region dominated by the pre-showering effect the
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discrimination between protons and photons increases with primary energy, i.e., the

separation between the medians and the regions of 68 % probability of the proton

and photon distributions increases with primary energy.

3.2 Reach into photon fraction expected at JEM-EUSO

Assuming that the JEM-EUSO exposure is the same as the one for protons [44]

it is possible to calculate the expected number of photon events above a given

energy threshold. Table 1 shows the expected number of photons with energies above

1019.6 eV, calculated considering the most optimistic photon flux taken from Ref. [2]

(it corresponds to the curve on the top of the shadowed region of Fig. 15). The cal-

culation is done for four cases: The observation of 5 and 10 years in the Nadir mode,

1 year in the Nadir mode and 4 years in the Tilted mode, and 1 year in the Nadir

mode and 9 years in the Tilted mode. The tilted angle used for the calculation is

40◦. Note that the number of events for the cases including observation in the Tilted

mode the expected number of events is slightly smaller than the ones correspond-

ing to observation in the Nadir mode. This is due to the fact that the exposure for

Table 1 Expected number of photon events for energies larger than 1019.6 eV

5 yrs N 10 yrs N 1 yr N+4 yrs T 1 yr N+9 yrs T

∼ 88 ∼ 177 ∼ 85 ∼ 168

N corresponds to the Nadir mode of observation and T to the Tilted one. The cosmogenic photon flux

corresponds to the most optimistic case taken from Ref. [2]. The exposure used for the calculation is the

one calculated for proton primaries
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[55]; Y: Yakutsk [56]

40◦ of the Tilted angle is smaller than the one corresponding to the Nadir mode for

energies higher than ∼ 1019.85 eV. For higher threshold energies this tendency is

inverted.

Nevertheless, there are astrophysical models that predict a much smaller flux of

cosmogenic photons, specially the ones that includes heavier nuclei in the compo-

sition injected by the sources (see for instance Ref. [3]). Also, fluctuations of a

relatively large flux can still produce a null detection even for a non-null statistical

expectation. For these reasons and also to compare with the existing upper limits on

photon fractions obtained by different experiments the case in which there are no

photons in the samples is studied below.

Let us consider the ideal situation in which it is known that there are no photons

in a given sample of N events, i.e., it is possible to separate hadrons from photons in

an event-by-event basis. In this case, the expression for the upper limit on the photon

fraction is given by [43],

F
min
γ = 1 − (1 − α)1/N (4)

where α is the confidence level of rejection. In practice, however, the probability

of the existence of photons must be assessed through some observational technique,

which leads unavoidably to less restrictive upper limits than in the ideal case.
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The method used to calculate the upper limit from Xmax measurements is based

on the abundance estimator first introduced in [45],

ξXmax =
1

N

N
∑

i=1

fγ

(

Xi
max

)

fγ

(

Xi
max

)

+ fpr

(

Xi
max

) (5)

where fγ (Xmax) and fpr(Xmax) are the photon and proton distribution func-

tions, Xi
max are experimental values of Xmax. ξXmax is an estimator of the photon

abundance.

For the case in which the sample size is large enough it is possible to analytically

calculate an upper limit on the photon fraction assuming that ξXmax is a Gaussian vari-

able [46]. In this work the expected upper limits on the photon fraction is calculated

using a Monte Carlo technique which is valid for samples of all sizes. The distribu-

tion functions needed to calculate ξXmax are obtained from the simulated data by using

the non-parametric method of kernel superposition with adaptive bandwidth [45, 47].

The number of events expected above a given energy threshold are calculated by

using a broken-power law fit of the Auger energy spectrum [57] and the exposure of

JEM-EUSO [44].

Figure 15 shows the upper limits on the photon fraction in the integral flux at 95 %

confidence level as a function of primary energy. In the calculation it is assumed that

there are no photons in the samples. The zenith angle of the showers is in the interval

[45◦, 90◦] and a Gaussian uncertainty on the determination of Xmax of 100 g cm−2

is assumed. The solid lines show the expected upper limits for the case in which the

observation is performed in Nadir mode for 5 and 10 years. The dot-dash-dot lines

correspond to the observation of one year in Nadir mode and 4 and 9 years in Tilted

mode for 5 and 10 years of total observation time, respectively. A Tilted angle of 40◦

is used for the calculation. The curves corresponding to the ideal case in which it is

possible to discriminate between photons and protons in an event-by-event basis are

also shown.

Although the expected upper limits are smaller than the existing ones, even more

restrictive upper limits can be obtained by improving discrimination between pro-

tons and photons. As seen from Fig. 15, the expected upper limits for the ideal case

described by Eq. (4) are below those obtained by using the ξXmax method, showing

that there is still potential room for improvement.

4 Conclusions

In this work we have studied the characteristics of the longitudinal profiles of the air

showers initiated by ultra high energy photons and neutrinos which can be employed

to identify these types of primaries. We have shown that very deep horizontal neutrino

showers produce a multi-peak structure that can be observed in the data recorded by

the JEM-EUSO telescope. We have also discussed the possibility of discriminating

between electron and tau neutrinos by taking advantage of the dominant hadronic

component of tau neutrino showers. Finally, we have calculated the expected upper

limits on the photon fraction in the integral cosmic ray flux expected by JEM-EUSO.
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We have shown that it is possible to improve the existing upper limits at the highest

energies. In any case, there is still room to improve the methods proposed here in

order to make a discovery or improve upper limits.
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