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The observation of an ultra-high energy photon component in the cosmic radiation is one of
the open problems in Astroparticle Physics. The stringent theoretical and experimental upper
limits to the photon flux above 100TeV make the search of a weak photon signal in the vast
hadronic cosmic ray background a challenging task. At these energies, photon primaries entering
the atmosphere develop an extensive air shower which is driven by electromagnetic processes with
a poor muon production. The muon content is one of the most promising observables leading
to the discrimination between photons and hadronic cosmic rays. In this article, we define a
parameter capable of quantifying the muon component while reducing the fluctuations due to the
unknown lateral distribution of muons. We explain the different features of this observable using
simulated air showers between 30 and 300 PeV. We show that a merit factor of 5 in the separation
between photon and proton primaries and a signal efficiency of at least ~ 92% while rejecting
99.97% of the background can be reached considering realistic resolution effects on the shower

features.
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1. Introduction

The detection of photons above PeV energies at Earth is of particular significance, since they
are tracers of the highest-energy processes in the Universe. The most violent, but also less under-
stood, astrophysical objects are expected to produce cosmic rays, with an accompanied flux of pho-
tons and neutrinos. The simultaneous observation of these particles, the so-called multi-messenger
approach, is a key ingredient for discovering the cosmic ray sources themselves.

Very-high energy photons are produced in the vicinity of acceleration regions through cosmic
ray interactions with surrounding radiation and matter. In this sense, the H.E.S.S. Collaboration
has reported the observation of a gamma-ray spectrum at TeV energies from the central 70pc of
the Galaxy, implying that the parent protons are being accelerated up to a few PeV [1]. A photon
signature at these energies may clarify the feasibility of the supermassive black hole Sagittarius A*
at the Galactic center as a cosmic ray source [2]. Indeed, PeV photons have interaction lengths
similar to the Milky Way diameter [3], limiting their observability to the local Universe.

Astrophysical neutrinos have been recently discovered by the IceCube Collaboration between
30TeV and 2PeV [4]. The hadronic interactions responsible for this neutrino flux would have also
produced high-energy photons. However, no direct observation of a photon flux has been confirmed
above 81TeV [5]. The first evidence in favor of the presence of an integral photon flux above tens
of PeV was found in data of the EAS-MSU experiment, although the claim is still under discussion
[6]. The non-observation of a diffuse PeV photon flux supports an extragalactic origin for the
IceCube neutrinos. However, the photon surveys were conducted by Observatories located in the
geographical northern hemisphere of the Earth (EAS-MSU, KASCADE-Grande [7] and marginally
by CASA-MIA [8]) as opposed to most of the neutrino arrival directions. Therefore, conclusions
on the non-observation of a PeV photon flux may be biased, indicating that this problem may still
not be completely solved.

Cosmic rays entering the atmosphere interact with the medium nuclei and produce Extensive
Air Showers (EAS). The difference in the muon content between photon- and hadron-initiated EAS
could be the key to attain the best separation power. In this paper, an observable that combines
the density of high-energy muons and their topological distribution to discriminate photon from
hadronic primaries is presented. This observable is particularly useful when only a few points in
the shower front can be probed for muon detection, so that the lateral distribution of muons cannot
be obtained without large uncertainties. We describe the features of the observable based on Monte
Carlo air shower simulations with realistic assumptions about experimental features inspired by the
surface detector of the Pierre Auger Observatory and its muon detection engineering array [9, 10].

2. Method

The CORSIKA software was employed to produce the air showers initiated by photons and
protons. QGSJetlI-04 and FLUKA were chosen as high- and low-energy hadronic-interaction mod-
els. The primary energy lies in the range between E = 10!%2eV and 10!7° eV and follows a E~!
distribution. The zenith angles are fixed at 6 = 0°, 30° and 40°. The azimuth angle is randomly
selected between 0° and 360°. A thousand unique showers per primary particle and zenith angle
were produced.
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Several parameters specific to the Pierre Auger Observatory are taken as a reference in this
study [9, 10]. The list of particles conforming the shower front is given at 878 g-cm™2 vertical
depth, which corresponds to the Auger mean altitude. From the experimental point of view, the
quantification of the muon content of the EAS has been historically achieved by arrays of buried
detectors, which impose an energy threshold to the observed muons. In this study, an energy
threshold of Ey, = 1 GeV for vertical muons defines the underground muon content of the EAS, in
accordance to the Auger muon detection system.

The lateral density of underground muons on the shower plane p (r) may provide enough
information to achieve the best separation power between photon (i.e. signal) and proton (i.e.
background) primaries. In practice, only a few pieces of information about p (r) are available
in any measured air shower. In order to recreate this common scenario, the shower footprint is
probed at spots separated by a distance D = 433 m and arranged in a triangular grid. Each spot
has a nominal area of A = 60m?. The core of each simulated EAS is placed randomly in the first
Brillouin zone of the hexagonal cell with spacing D. The mean number of muons 7; in a spot i at
a distance r; is then 77; = p (r;) X Acos 0. The observed number of muons 7; is randomly selected
from a Poisson distribution with mean 7;. The process is repeated ten times for each shower,
probing different regions of the shower footprint. Each realization is called an event.

The features of the EAS can be accurately estimated within resolutions imposed by the em-
ployed array of detectors. To resemble a realistic experimental scenario, smearing and efficiency
effects are applied on the event energy E, the distance r; between the spots and the shower axis
and each observed muon density p;. An energy resolution of AE = 16% [9] and a shower core
position resolution of Ar =20m [11] are considered as representative values. Each spot is treated
as a muon counter with a systematic uncertainty Ap = 11.2% on the observed muon density p; [12]
and a penalization factor € = 90% accounting for possible inefficiencies. Thus, p; is redefined as
p; = pi x €. Lastly, each event is re-weighted with a factor proportional to E~3-3, in consonance
with the observed cosmic ray spectrum [13].

The observable M;, combines the density of muons and their topological distribution as defined
in Eq. 2.1, inspired by the observable S, designed with signals measured by water-Cherenkov
detectors [14]. The muon densities are normalized by the expected muon density for a proton
primary prr (E, 0) at a reference distance ryef = 250m, where the fluctuations of the muon density
are minimal for the energy range under study. The index b is a free parameter that must be selected
as to maximize the separation between primaries.

M, (E,8) =log,, (1 +Z (pp’f> X (rr’f) > .1

Since the hadronic background is hugely dominant over any photon component in the cosmic

ray flux, the most important feature of M, is the background rejection, i.e. the proportion of filtered
proton events to the corresponding total by a straight-forward cut in the observable phase space.
Similarly, the ratio between the photon events surviving the cut and the total number of photon
events is defined as the signal efficiency. A complete background rejection can be thought of as a
statistical fluctuation from the general scenario in which the cosmic ray flux could have produced a
mean number Ny, of background events surviving the cut. The probability P (Nobs | Npr) to observe
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Nobs = 0 events for an expected average M, is given by the Poisson statistics. By asking for P <
0.05, My, is estimated at a 95% confidence level (CL). For the particular case of Nyps =0, Ngf% ~3.
Therefore, the background rejection at 95% CL is redefined as N-3/n, where N is the number of
available background events in the subset under study. The associated signal efficiency is thus
the maximum possible value assuring Nops = 0. These conservative numbers are the benchmark
rejection and efficiency of the procedure.

3. Results

The optimal value bope should be chosen according to the merit factor' 71 between photon
and proton events, displayed in Fig. 1, left, for events with energies between E = 10'%eV and
10'%7eV and fixed zenith angle of @ = 0° 2.In view of the layout used in this study, four scenarios
are considered: i) the observed muon density at the nearest probing spot is used (gray dashed), ii)
adding the information from the first crown of spots around the nearest one (dark blue), iii) also
adding the information from the second crown (blue) and iv) summing the contributions of the
muon densities up to the third crown (light blue).

The information solely provided by the nearest spot comprises a merit factor of (3.03 =0.08)*
for by = 1.5. The merit factor is increased to (5.04 £0.15) when accounting for the observed
muon densities in the first crown of spots (scenario ii) for bop = 1. A similar merit factor an be
attained in scenario iii and iv respectively. Indeed, as the distances at which the shower front is
probed increase, the observed muon densities reach the resolution limit given by the nominal area.
At this point, no relevant information towards discrimination is added to M, and the separation
reaches a saturation level. Since the discrimination between signal and background does not im-
prove considerably in scenario iii and iv wrt scenario ii, M}, is calculated with the nearest spot and
its surrounding first crown for the rest of this article.

The essential concepts behind the procedure do not depend on the primary energy and zenith
angle. Indeed, Fig. 1, right, shows the merit factor in terms of b for different energy bins and
0 = 0°. The choice of by = 1 is nearly optimal for the entire energy range of interest. The specific
choice for bop holds also in the non-vertical case, thanks to the weak zenith dependence of M.

An increasing merit factor does not necessarily point towards a better primary discrimination
in a shower-to-shower basis. To obtain a reliable estimation of the background rejection and the
signal efficiency, proxy M, distributions are built with events corresponding to single core tosses,
resulting in ten proton and photon independent sets for each energy and zenith angle bins. The
number of proton events verifying M{ > M$" define the background rejection for running values
of M{". Likewise, the number of photon events verifying M 2’ < M{™ define the signal efficiency.
The background rejection in terms of the signal efficiency profile is thus the average between the

'A modified version of the merit factor is used to take into account the asymmetries of the M, distributions [14].
Medians are used instead of the means and quantiles at 84% and 16% define the dispersion of the distribution.

2This is motivated by the fact that the atmospheric absorption of the secondary particles prevents the detection of
low-energy inclined air showers.

3The average values and the 16 interval, quoted as errors, are obtained through 100 independent runs of the event
generation procedure described in Sec. 2.
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Figure 1: Left: The merit factor n of the observable M, in terms of b. Different scenarios for the M,
calculation are explored (see text for descriptions). The events have energies between E = 10'6 eV and
10'%7eV. The zenith angle is fixed at @ = 0°. Right: The merit factor in terms of the index b between
vertical photon and proton events. Different colors represent the energy ranges.
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Figure 2: The background rejection in terms of the
signal efficiency for different energy bins and a fixed
zenith angle of 6 = 30°. The profiles are obtained

background events is visible at all primary
energies and zenith angles. Both effects

share physical origins, as discussed in Sec. 4.
phy g as the average of the ten produced events per shower

while the contour regions represent the areas between
99.95% is reached with an associated median the minimum and maximum background rejection in

signal efficiency of at least ~ 95% for the each signal efficiency bin.
events between E = 10'%3eV and 10197 eV,

as deduced from Tab. 1. The underlying limited resolution due to the low statistics appears as a

A benchmark background rejection of

decrease of the accessible benchmark rejection as the primary energy increases. Complementarily,
the signal efficiency displays a stable behaviour across the energy range under study, interpreted
as a constant discrimination power regardless of the statistics in each energy bin. Given the 10000
available background events for each zenith angle, the energy-integrated benchmark rejection is
fixed by construction at 99.97%. The associated median benchmark efficiencies are (95.1£37) %,
(92.0i§%) % and (94.0i§:3) % for a fixed zenith angle of 8 = 0°, 30° and 40°, respectively*.

“4The uncertainties represent the 16% and 84% quantiles of the distributions after 100 independent realizations
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E (eV) Benchmark rejection Benchmark efficiency

10'65-10'%7  99.95% 99.95% 99.95% (97.4+)8) % (949423 %  (96.3+]9

95.6+33) %  (97.9£9%

1019 — 1071 99.63% 99.62% 99.63%

10'67—-10'%9  99.87% 99.89% 99.87% (96.5+]3) %

101711073 98.99% 98.83% 98.91%  (98.4+)%) % 97.2+93

)% ( ( ) %

)% ( ( ) %
97.0£32) % (97.3+)4) % (97.5£53) %

)% (97.9453) % ( ) %

)% )% ( ) %

1073 — 105 96.67% 96.61% 96.82%  (97.0+£9§)% (97.5+% 98.0+98

Table 1: The mean benchmark rejection and the median benchmark efficiency considering events re-
weighted by a power-law spectrum E~3) after 100 independent realizations of the event generation proce-
dure in each energy bin. The uncertainties in the benchmark efficiency represent the 16% and 84% quantiles.
The three columns for each quantity correspond to the fixed zenith angles of 8 = 0°, 30° and 40°.

4. Discussion

The muon content of the EAS, quantified by the observable M}, provides an energy-integrated
benchmark efficiency of at least ~ 92% and a guaranteed background rejection level of 99.97%,
only constrained by the limited statistics. The topological aspect of M; is mainly contained in
the index b: negative (positive) values would give more importance to regions of the shower front

close to (far away from) the shower axis>.

Therefore, the choice of bope = 1 can be thought of
as a minimization of the observable fluctuations, considering that larger fluctuations in the muon
number are expected closer to the core, due to the inherent variations of the point of first interaction
between the primary particle and the atmosphere, and for increasing distances, due to the smaller
muon density.

A small fraction of the photon events composing the long tail towards proton-like regime is
readily observed in Fig. 3, left, which can be understood as an effect of the early stages of the
shower development: if one of the first interactions is photonuclear, the subsequent development
would be more similar to a proton shower. In addition, there is a subset of proton samples com-
posing a resilient tail towards the photon distributions. These proton showers have several features
similar to the photon-initiated EAS, such as the extremely poor muonic content and the delayed lon-
gitudinal profile. This may be related to a high-energy leading 7° in the first stages of the shower
development carrying away a considerable fraction of the primary energy [15], whose decay trig-
gers an electromagnetic sub-shower with the related photon-like characteristics. In this regard, the
atmospheric depth of the maximum shower development X, is displayed in Fig. 3, right, con-
nected to M, for both primaries. The impact of these muon-poor events could be reduced if a
hybrid Xn.x — M approach is developed, exploiting the distinctive aspects of the photon-initiated
EAS.

The discrimination procedure presented in this article is sustained on robust foundations. The
mass composition of the background particles has been considered as pure-proton to develop the

5The hadronic primaries have a larger probability of producing a non-null muon signature in spots at larger distances
than the photon ones. Thus, the relative weight in M, of spots at distances similar to 7 = 250m is enhanced wrt closer
spots with a selection of a positive bop.
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Figure 3: Left: The M, distributions for photon (in blue scale) and proton (in red scale) primaries. In
both panels, all events are considered with the corresponding energy-based weight. The histograms are
normalized to the number of entries.Right: M in terms of the atmospheric depth of maximum shower
development Xp,x. The events produced by photon (proton) primaries are represented by blue (red) markers.
All events with 8 = 30° are plotted together, indistinctively of the primary energy. The weighted mean value
of the observables for both populations are represented by light circle markers, with the 68% confidence
interval as error bars.

procedure in a conservative scenario. The cosmic ray flux may well have a non-negligible presence
of heavier nuclei [16]. Therefore, a larger muon content may be present in data, enhancing the
benchmark efficiency. Additionally, there is a general agreement that all the hadronic models
underestimate the muon content of the EAS [17]. The muon deficit in simulations could be as large
as ~ 50% as recently reported above 10'7°eV by employing the Auger muon detection system
[12]. Thus, the discrimination power of observables directly linked to the number of muons may
be underestimated.

The calculation of M, is sufficiently flexible as to easily be adapted to any specific array
geometry. In this work, the chosen array spacing and the primary energies of interest pointed out
the need of considering the nearest spot and the first crown around it while choosing » = 1 in
order to optimize the separation power. However, those two aspects may be varied accordingly
depending on the case under study. Similarly, the threshold for the muon detection (here chosen
as 1 GeV) plays a major role in the cosmic ray mass composition studies [18] and may be adjusted
consonantly to the technical specifications of the available detection system.

To conclude, the observable M, offers the possibility of a straight-forward photon search pro-
cedure by using the information of the muon density at a few points of the shower front, relying
on the reconstruction of the primary particle and EAS properties known a priori from a different
technique. A signal efficiency of at least ~ 92% can be attained at a 99.97% background rejection
in the energy range between E = 10'%2eV and 10'7eV for a E~33 spectrum and after apply-
ing realistic detector-like smearing effects in the primary energy, shower core position and muon
counting. Remarkably, in view of the cosmic ray composition at the energies of interest for this
study being, in average, heavier than proton and of the current hadronic interaction models under-
estimating the muon content in EAS, the performance of M, when applied to data might be above
the results presented in this article.
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