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supanitsky@iafe.uba.ar

Abstract: Extreme energy photons are expected to be a minor component of the ultra high energy cosmic rays. Never-
theless, they are the carriers of very important astrophysical information related to the origin and propagation of such ultra
energetic particles. JEM-EUSO is an orbital fluorescence telescope intended to observe the highest energy component of
the cosmic rays, including photons and neutrinos. In this work we study several techniques to improve the discrimination
between photon and proton showers in the context of the JEM-EUSO telescope. The most important parameter used to
discriminate between protons and gammas is the atmospheric depth of the maximum of the showers, Xmax. However, it
can be demonstrated that, for a given available statistics, additional information is needed in order to take advantage of
the full potential of the instrument. We propose and study additional parameters, related to the shape of the longitudinal
profile, in order to obtain a better discrimination than the one given by Xmax alone.
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1 Introduction

Extreme high energy photons can be generated as a con-
sequence of the interaction of the cosmic rays during their
propagation through the intergalactic medium [1]. They
can also be produced as by-products of the cosmic rays in-
teractions in the acceleration sites [2] and, although disfa-
vored by present data, they can be generated in top-down
scenarios involving the decay of super heavy relic particles
or topological defects [3]. At present there is no ultra high
energy photon unambiguously identified.
High energy photons initiate air showers when they interact
with the molecules of the atmosphere. In the high energy
region the characteristics of such air showers are dominated
by the LPM effect and pre-showering (i.e., photon splitting)
in the geomagnetic field (see Ref. [4] for a review). In this
work we present an improved version of the methods, re-
cently proposed in Ref. [5], to calculate the upper limits on
the photon fraction in the integral flux by using the Xmax

parameter, the atmospheric depth of the maximum devel-
opment of the showers, in the context of the JEM-EUSO
mission [6]. We also study and propose new parameters
in order to improve the proton-photon separation in the en-
ergy range relevant to JEM-EUSO.

2 Upper limit calculation: Xmax

Let us consider the ideal situation in which it is known that
there is no photons in a given sample of N events. For

this case, the expression for the upper limit to the photon
fraction is given by [4],

Fmin
γ = 1− (1− α)1/N (1)

where α is the confidence level of rejection. However, in
practice, the probability of the existence of photons must
be realistically assessed through some observational tech-
nique which involves the determination of experimental pa-
rameters, which leads unavoidably to less restrictive upper
limits than the previous one.
The method used to calculate the upper limit by using
Xmax parameter is based on the abundance estimator first
introduced in [7],

ξXmax
=

1

N

N∑

i=0

fγ(X
i
max)

fγ(Xi
max) + fpr(Xi

max)
(2)

where fγ(Xmax) and fpr(Xmax) are the photon and pro-
ton distribution functions, Xi

max are experimental values
of Xmax and N is the sample size. ξXmax

is an estima-
tor of the photon abundance, cγ = Nγ/N where Nγ is the
number of photons in the sample. The mean value and the
variance of ξXmax

are given by,

E[ξXmax
] = u1cγ + u2, (3)

V ar[ξXmax ] =
1

N

[
v1cγ + v2 + u21cγ(1− cγ)

]
,(4)
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where u1 = α1 − α2, u2 = α2, v1 = α3 − α4 + α2
2 − α2

1

and v2 = α4 − α2
2. Here

α1 =

∫
dXmax

fγ(Xmax)
2

fγ(Xmax) + fpr(Xmax)
, (5)

α2 =

∫
dXmax

fγ(Xmax)fpr(Xmax)

fγ(Xmax) + fpr(Xmax)
, (6)

α3 =

∫
dXmax

fγ(Xmax)
3

[fγ(Xmax) + fpr(Xmax)]2
, (7)

α3 =

∫
dXmax

fγ(Xmax)
2fpr(Xmax)

[fγ(Xmax) + fpr(Xmax)]2
. (8)

Note that the last term in the expression of the variance has
to do with the binomial fluctuations of the process. It is
assumed, for the present calculation, that the distribution
functions of ξXmax

is Gaussian, which is valid for large
enough values of N (due to the central limit theorem).
The upper limit to the photon fraction, for the case in which
there is no photons in the sample, is given by,

Fγ =
1

2u21(1 + s2α/N)

[
s2α
N

(v1 + u21)+

√
s4α
N2

(v1 + u21)
2 + 4

u21v2
N

(1 +
s2α
N

)

]
, (9)

where, sα =
√
2 Erf−1(2α− 1) and

Erf(x) =
2√
π

∫ x

0

dt exp(−t2). (10)

A shower library was generated by using the last version
of CONEX [8] (v2r2.3) which consist of 1.1 × 105 proton
showers following a power law energy spectrum of spec-
tral index γ = −1 in the interval [1019.7, 1021] eV and
with uniformly distributed arrival directions. Also 1.5×105
photon showers were generated under the same conditions
but in this case cores were also uniformly distributed on the
surface of the Earth in order to properly take into account
pre-showering effect in the geomagnetic field. The distri-
bution functions needed to calculate Fγ are obtained from
the simulated data by using the non-parametric method of
kernel superposition with adaptive bandwidth [9, 7].
Fig. 1 shows the upper limits on the fraction of photons
in the integral cosmic ray flux, at 95% of confidence level,
obtained in the ideal case Fmin

γ (dashed line), by using the
ξXmax

method (blue lines), and also the upper limits ob-
tained by different experiments. The calculation is done for
E ≥ 5× 1019 eV and θ ∈ [30◦, 80◦]. For each method, the
lines from bottom to top correspond to a Gaussian uncer-
tainty on the determination of Xmax of 0, 70, 120 and 150
g cm−2. The number of events above a given energy, E0,
and the spectrum are obtained from Ref. [10]. The number
of events corresponds to two years in nadir mode plus three
years in tilt (αTilt = 38◦) mode for the JEM-EUSO mis-
sion. Also, a reconstruction efficiency, taking into account
the presence of clouds, of εR = 50% is assumed (see Ref.
[11]).
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Figure 1: The upper limits on the fraction of photons in
the integral cosmic ray flux at 95% of confidence level.
Dashed line corresponds to the ideal case in which it is
known that there is no photon in the data. Blue lines are the
upper limits obtained by using ξXmax

method, they corre-
spond, from bottom to top, to a Gaussian uncertainty of 0,
70, 120 and 150 g cm−2. Shadow region is the prediction
for the GZK photons [1]. Black arrows are experimental
limits, HP: Haverah Park [12]; A1, A2: AGASA [13, 14];
AFD, ASD: Auger [15, 16]; AY: AGASA-Yakutsk [17]; Y:
Yakutsk [18].

Note that, at the highest energies, the upper limit curves
can be underestimated due to the decrease in the number of
events. In this energy region the Gaussian approximation
of the distribution function of ξXmax

could be not so good.

3 Photon-proton separation with skewness

In Ref. [19] it is shown that the skewness of the longi-
tudinal profile of the showers is one of the best parame-
ters to discriminate between primaries. However, its dis-
crimination power depends on the part of the track of the
cascade observed. Figure 2 shows the distributions of
Xmax and skewness for θ ∈ [30◦, 80◦] and log(E/eV ) ∈
[19.7, 20]. Skewness is calculated by using the part of the
profiles between Xmax-1000 g cm−2 and Xmax+1000 g
cm−2. As discussed in [5] the Xmax distribution presents
two peaks, the one at lower values corresponds to the
photons that suffered photon splitting in the geomagnetic
field and the one at higher values corresponds to the ones
that do not. From the figure it can be seen that skew-
ness separates better photons from protons than Xmax.
The merit factor measures how good is a given param-
eter to discriminate between two species, it is defined
as MF = (E[xpr] − E[xph])/

√
V ar[xpr] + V ar[xph]2,

whereE[xA] and V ar[xA] are the mean value and the vari-
ance of xA with A = {pr, ph} and pr = proton and ph =
photon. The merit factors of Xmax and skewness are ∼ 1
and ∼ 1.5, respectively, i.e., as mentioned before, the dis-
crimination power is larger for skewness.
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Figure 2: Xmax and skewness distributions for θ ∈
[30◦, 80◦] and log(E/eV ) ∈ [19.7, 20]. Skewness is cal-
culated with the part of the longitudinal profile between
Xmax± 1000 g cm−2.

The cut imposed to the events to calculate skewness has
an efficiency. In particular, the profiles that passes the cut
are such that they must hit the ground after propagating
throughout an atmospheric depth larger than Xmax+1000
g cm−2. Figure 3 shows the efficiency of such cut for pro-
tons and for events with energy ≥ E0. For photons the
efficiency is about a 10% smaller. Note that this cut favors
showers of larger zenith angles, in particular, for protons,
all the showers with θ > 55◦ pass the cut.
The upper limit on the photon fraction in the integral flux
is obtained by using the method described above but in
this case considering skewness instead of Xmax. Figure
4 shows the results obtained, the blue curve corresponds to
the result obtained for Xmax without reconstruction uncer-
tainty, the red curves correspond to skewness with (solid
line) and without (dotted line) including the efficiency of
the cut. As expected, the upper limit obtained by us-
ing skewness without including the efficiency of the cut is
smaller, in almost the entire energy range, than the one ob-
tained by using Xmax without considering reconstruction
uncertainties. However, when the efficiency of the cut is in-
cluded the upper limit become larger than the correspond-
ing to Xmax. Note that the upper limit curves correspond-
ing to skewness increase faster with primary energy than
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Figure 3: Efficiency of the cut imposed to the events to
calculate skewness for E ≥ E0. Solid line: linear fit of the
points.

the corresponding to Xmax. This is due to the fact that the
separation given by skewness is better for photons that do
not convert in the geomagnetic field and the fraction of non
converted photons decreases with primary energy.
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Figure 4: Upper limits on the fraction of photons in the
integral cosmic ray flux at 95% of confidence level. Blue
line is the upper limit obtained by using Xmax parameter
without including any reconstruction uncertainty. Red line
correspond to skewness with (solid) and without (dotted)
including the efficiency of the cut.

4 Two dimensional analysis

In order to improve the separation between photons and
protons we introduce a new parameter intended to increase
the separation power of profiles corresponding to converted
photons. There is a population of converted photons for
which the longitudinal profile is wider and with smaller
Nmax (number of charged particles at Xmax). Therefore,
a good parameter to separate this population should be the
second derivative of the profile evaluated at the Xmax po-
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sition. For that purpose, following Ref. [20], a Gaus-
sian fit of the profiles as a function of the age parameter
s = 3X/(X + 2Xmax) is performed. The second deriva-
tive at the maximum is given by,

as =
Nmax

σ2
, (11)

where σ2 is the variance obtained form the fit. Note that
Nmax and σ are parameters sensitive to mass composition
(see references [19] and [20], respectively).
Figure 5 shows las = log(as/E19.7), with E19.7 =
E/1019.7eV), as a function of Xmax for log(E/eV ) ∈
[20.1, 20.2]. The figure shows that, at these energies, most
of the photons suffered photon splitting (the majority of
the photon showers have Xmax < 1000 g cm−2). It also
shows that las, in combination with Xmax, also helps to
the separation of narrower profiles with large Nmax.
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Figure 5: las = log(as/E19.7) as a function of Xmax for
log(E/eV ) ∈ [20.1, 20.2] and θ ∈ [30◦, 80◦].

A two dimensional analysis is developed in order to as-
sess the improvement on the separation between protons
and photons combining different pairs of parameters. The
method described in Ref. [21] is used to obtain the classifi-
cation probability corresponding to different sets of param-
eters. The non-parametric method of kernel superposition
with adaptive bandwidth [9, 7] is used to estimate the dis-
tribution functions corresponding to each primary and the
leave-one-out technique [22] is used to estimate the classi-
fication probabilities for each set of parameters considered.
Figure 6 shows the classification probability as a function
of primary energy, for θ ∈ [30◦, 80◦] and for the set of pa-
rameters: {Xmax}, {Xmax, skewness} and {Xmax, las}.
From the figure it can be seen that adding skewness or las
to the calculation with Xmax alone, the classification prob-
ability increases. For energies of order of 1019.8 eV the
skewness parameter increases the classification probability
of Xmax alone about 8% whereas las about 4%. This is
due to the fact that skewness is good for the separation be-
tween protons and non converted photons, which at these
energies are still quite abundant. As the energy increases
the improvement due to the addition of skewness decreases

and the corresponding to las increases. This is due to the
fact that the fraction of converted photons increases with
primary energy and las is good for the separation of this
population whereas skewness do not.
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Figure 6: Classification probability as a function of primary
energy for θ ∈ [30◦, 80◦].

The use of more than one parameter to calculate an upper
limit to the photon fraction is a work in progress and will
be presented in a forthcoming publication.
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