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The Pierre Auger Observatory is the most sensitive detector to primary photons with energies
above ~ 0.2 EeV. It measures extensive air showers using a hybrid technique that combines a
fluorescence detector (FD) with a ground array of particle detectors (SD). The signatures of a
photon-induced air shower are a larger atmospheric depth at the shower maximum (Xp,x) and a
steeper lateral distribution function, along with a lower number of muons with respect to the bulk
of hadron-induced background. Using observables measured by the FD and SD, three photon
searches in different energy bands are performed. In particular, between threshold energies of
1-10 EeV, a new analysis technique has been developed by combining the FD-based measurement
of Xmax With the SD signal through a parameter related to its muon content, derived from the
universality of the air showers. This technique has led to a better photon/hadron separation and,
consequently, to a higher search sensitivity, resulting in a tighter upper limit than before. The
outcome of this new analysis is presented here, along with previous results in the energy ranges
below 1 EeV and above 10 EeV. From the data collected by the Pierre Auger Observatory in about
15 years of operation, the most stringent constraints on the fraction of photons in the cosmic flux
are set over almost three decades in energy.
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1. Introduction

Due to magnetic fields that permeate the universe, cosmic rays do not point back to the sources,
even at the highest energies. Therefore, the quest for the origin of ultra-high-energy (UHE) cosmic
rays intrinsically implies a multi-messenger approach since, on the one hand, direct information
about their acceleration sites can be obtained by searching for the neutral particles, y-rays and
neutrinos, generated by the interactions of cosmic rays at the acceleration sites, via the so-called
astrophysical beam dump process [1]. On the other hand, UHE photons are expected to be produced
by ultra-high-energy cosmic rays in interaction with the soft photons of the universal backgrounds
in their propagation to Earth, via the Greisen-Zatsepin-Kuzmin (GZK) effect for UHE protons and
photodisintegration of UHE nuclei [2, 3]. These cosmogenic photons also probe ultra-high-energy
cosmic rays (CRs) as their flux depends on the characteristics of the sources, as well as on the nature
of the parent nuclei. In addition, UHE photons might probe new physics, as their detection would
be a smoking gun for, e.g., dark matter composed of super-heavy particles decaying in photons [4].

Due to the steepness of both the cosmic ray and cosmic photon fluxes, this search can presently
only be done through large ground-based detectors that exploit the phenomenon of extensive air
showers. The identification of photon primaries, when detectors of this kind are used, relies on the
ability to distinguish the showers generated by photons from those initiated by the overwhelming
background of protons and heavier nuclei. Since the radiation length in the atmosphere is more than
two orders of magnitude smaller than the mean free path for photo-nuclear interaction, in photon
showers the transfer of energy to the hadron/muon channel is reduced with respect to the bulk of
hadron-induced air showers, resulting in a lower number of secondary muons. Additionally, as the
development of photon showers is delayed by the typically small multiplicity of electromagnetic
interactions, they reach the maximum development of the shower, X,ax, deeper in the atmosphere
with respect to showers initiated by hadrons.

These two observables can be measured at the Pierre Auger Observatory [5], the world’s largest
cosmic-rays detector, which employs a hybrid detecting technique for the observation of extensive
air showers, by combining a fluorescence detector (FD) with a ground array of particle detectors
(SD) separated by 1500 m. The FD provides direct observation of the longitudinal shower profile,
which allows for the measurement of the energy, E, and of the Xy« of a shower, while the SD
samples the secondary particles at ground level. Although the SD observes showers at a fixed slice
in depth, the longitudinal development is embedded in the signals detected. The FD and SD are
complemented with the low energy enhancements of the Pierre Auger Observatory, namely the
High Elevation Altitude Telescopes (HEAT), i.e., three additional fluorescence telescopes with an
elevated field of view, overlooking a denser SD array, in which the stations are separated by 750 m.
The combination of these two instruments allow for the measurement of showers in the energy range
from below the second knee of the cosmic-ray spectrum up to the ankle.

Three different analyses, differing in the detector used, have been developed to cover the wide
energy range inspected by the Pierre Auger Observatory [6, 7]. We present here the overall results
of the photon searches developed at the Pierre Auger Observatory, with a focus on a new analysis
technique, applied on hybrid events with energies between 1 EeV and 10 EeV, which combines the
FD based measurement of Xp,x with a parameter, F,, related to the muonic content of a shower and
derived from the SD station signals by exploiting the air-shower universality.
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2. Photon searches at the Pierre Auger Observatory

The photon/hadron separation at the Pierre Auger Observatory is based on parameters sensitive
to the muonic content or to the depth of an air shower.

Above 10 EeV, the search for UHE photons benefits from the large exposure offered by the SD
detector. The analysis is based on the combination of two estimators: the deviation of the measured
signals from the average lateral distribution function (LDF) derived from the Auger SD-data and
the signal risetime (defined as the time difference between the 50% and 10% quantiles of the signal
trace). Photon-induced showers present a steeper LDF close to the axis and a larger risetime [6]
than showers induced by UHECRs.

Below 10 EeV, on average, the number of stations triggered in an event is too small to have a
significant separation between photon- and hadron-induced air showers. Nevertheless, due to the
increased event statistics, the two low-energy analyses benefit from the Observatory operating in
hybrid mode and from the direct measurement of the longitudinal profile of the shower provided by

the fluorescence telescopes. Specifically, in the range 10'72 eV — 1080

eV, the analysis relies on
the low-energy enhancement of the Observatory: Xy, is measured by HEAT, while the number of
muons is accessed through a parameter, Sy, derived from the signals of the SD stations [8]. S, is

defined as Sp = Y; Si ( m)b where the sum extends over all the triggered stations, S; is the signal
measured at the i-th station, #; is the distance to the shower axis, and b is a variable exponent. It has
been found that the optimal separation between data and photons is obtained by setting b = 4 [7].
In the range between threshold energies 1-10 EeV, instead, we have implemented a new analysis
technique that relies on the hybrid measurement in combination with the shower universality. This

new approach is discussed in detail in the following section.

3. Photon-hadron separation through the air-shower Universality

The general idea behind air-shower universality is that the energy spectrum of the secondary
particles produced during the shower development, as well as their angular and lateral distributions,
depends mostly on the energy of the primary and on the stage of the shower development [9]. As
a consequence, the distribution of secondary particles produced in the cascade can be described
at different stages of the shower development so that the distribution of secondary particles at the
ground can be predicted.

By exploiting this property, a universality-based model has been developed [10] that allows
to predict the signals induced by the secondary particles in the SD stations. This model describes
the signal size as the superposition of four components: muons (S,); e* and y from high energy
pions (S.,); e* and y from muon decays (Sey(4)); €* and y due to low energy hadrons (Sey(nad))-

Each i-th signal component, S

comp» Nas a universal behavior described as a function of the primary

energy E, on Xpx, and on the geometrical configuration of the shower. The relative contributions
of each of the four components, ', instead, depend on the mass of the primary particle through
a parameter representing the number of muons in the shower, F,,. The predicted signal, Spreq, can
then be expressed as:

4
Spred = Zﬁl(F,U) : Séomp (1)
i=1
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where i runs over the four components, while Séomp, in turn, is the contribution of each component
and has been parametrised using QGSJetII-03 proton simulations.

Following the approach developed in [11], we exploited the Universality-based signal model
in the case of hybrid events. As the hybrid reconstruction provides E, Xpyax, and the shower
geometry, Séomp can be directly calculated for each station involved in a hybrid event. Thus, given
the reconstructed signal, S, in a station of the SD, F}, can be calculated for each station in each
event by matching Siec t0 Spreq in equation (1).

To validate the reconstruction of the F,, parameter, we used a shower library simulated with
CORSIKA [12] using EPOS-LHC [13] as the high-energy hadronic interaction model. Showers
initiated by photons and protons are simulated in an energy range from 107 eV to 10! eV
according to a power-law spectrum E~7 with y = 1.0 and zenith angle from 0° to 65°. Realistic
simulations of a hybrid detector with the same configuration of the Pierre Auger Observatory [5]
are then performed. The resulting hybrid events are reconstructed following [14]. Selection criteria
similar to [7] are applied to ensure a good geometry and longitudinal profile reconstruction. Only
showers with reconstructed zenith 8 < 60° are considered in the following.
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Figure 1: (Left): Xy..-F), distributions for photons (blue) and protons (red). Contour lines enclose the
90 %, 50 % and 10 % of the distributions of the events, re-weighted to a realistic power-law spectrum E™
(y = 2.7 for protons and y = 2.0 for photons). (Right): Distribution of the Fisher discriminant for simulated
photons (signal, blue) and protons (background, red), and for the burn sample (black). The vertical red line
marks the tail of the proton distribution, the blue one indicates the median of the photon distribution.

The median of the F, distribution is ~ 1.3 for protons and 0.3. Both distributions are
characterized by a spread, o ~ 0.3, therefore each median is at more than 30~ from the mean
value of the other primary type. Since F,,, in hybrid events, provides a very good photon-hadron
separation even when derived from the signal of one SD station only, to fully exploit the hybrid
approach, we combined it, through a multivariate analysis (MVA) technique, with X, so to further
improve the photon-hadron separation power. The left panel of fig. 1 shows the distributions of
F,, and Xpax for photons (blue) and protons (red) in the energy range 10'8eV — 101°3eV. The
two primaries are well separated with minimal overlap of the tails. F), is almost independent of
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the primary energy for both proton and photon primaries. In turn, Xp,.x is linearly increasing with
the logarithm of the energy, faster for photons than for protons, implying that its separation power
increases with energy.

Thus, we combined F,, Xnax, and energy into a Fisher discriminant analysis [15], that yields
the Fisher value, f.

The resulting Fisher distributions are shown in the right panel of fig. 1, for protons (red) and
photons (blue) primaries. The performance of the discrimination is assessed using simulations.
The Fisher discriminant distributions obtained for the proton and photon simulations turned out to
be well separated, resulting in a background rejection of ~ 99.90 % for a signal efficiency of 50 %.
Since this analysis has been developed following the prescription of a blind analysis, we exploited
a sub-sample of the data, the so-called burn sample (BS), corresponding to 5% of the full data
set (black distribution in the right panel of fig. 1). We firstly compared the Fisher distribution of
the burn sample with that of simulated photons, and found them well separated, so that the events
contained in the burn sample could be safely considered as background events, and then used to
derive a data-driven estimate of the expected background in the full hybrid data sample.
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Figure 2: Distribution of the Fisher discriminant for
the background expected in the full hybrid data sam-
ple (blue curve). The blue shaded area shows the
statistical uncertainties on the expected background.
For comparison, the corresponding distribution for
the burn sample (5 % of the full hybrid data set) is
also shown (black points), together with the fit to the
functional form of the background (red curve).
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The background extrapolation procedure is shown in fig. 2: due to the limited number of events
in the burn sample, in a preliminary step, we used proton simulations to derive the functional form of
the background. By considering only the rightmost tail of the Fisher distribution, specifically only
the events with a Fisher discriminant fy > —1.3, we found that the background distribution could be
described by an exponential with a parabolic exponent (red curve). We then fitted this model to the
events of the burn sample (black dots), so to obtain a description of the background, free from either
assumptions on cosmic-ray composition or on hadronic interaction models. Then, the extrapolation
of the expected background (blue curve) has been obtained by scaling the normalization of the
background description to the number of events in the full data sample. The blue shaded area
represents the uncertainties on the background description calculated from the propagation of the
statistical uncertainties of the fit on the burn sample. The systematic errors on the fit due to a
possible photon contamination of the BS have been studied. These uncertainties are negligible with
respect to the statistical ones.
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The background estimation was used to derive the photon selection cut on the Fisher discrim-
inant, f,. The determination of f, was achieved by studying a proxy for the signal-to-background
ratio. The signal was determined by the selection efficiency of photons at different thresholds of the
Fisher discriminant, while the background was calculated from the extrapolation of the estimation
to the whole data set. The signal to background ratio was found to show a maximum approximately
around the median of the Fisher discriminant distribution for photons, that was finally selected as

2

4. Upper limits on the diffuse photon flux

The analysis developed has been applied on the hybrid events above 1 EeV collected by the Pierre
Auger Observatory between 01 January 2005 and 31 December 2017. Of the total dataset, which
consists of approximately 32000 events, the rightmost tail of the Fisher discriminant distribution
(black dots) is highlighted in the left panel of fig. 3. The shaded blue bands represent the background
extrapolation, including the uncertainty in its estimation for different o levels.

After applying the photon selection cut (dashed vertical line), 22 events are selected. As one
can see, the data distribution is consistent with that from the background expectation of 30 + 15
false-positive candidates.
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Figure 3: (Left): Tail of the Fisher discriminant distribution of the hybrid data sample (black dots). The
vertical dashed line represents the photon-median cut. The shaded blue areas show the 1, 2, 3 o uncertainties
in the expected background. (Right): Weighted hybrid exposure for primary photons (solid line) in the time
interval 1 January 2005 - 31 December 2017, assuming a power-law spectrum with I' = 2. The systematic
uncertainty due to the on-time and the trigger efficiency are shown as a gray band.

Since no significant excess of a photon signal with respect to the background was identified,
we calculated upper limits to the integral UHE-photon flux, for E, > E$ . The upper limits are

defined as:
95 %
5% (E > g0 = )
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Figure 4: Photon flux limits at 95 % C.L. obtained with this analysis (red circles). Light and dark blue
circles show the limits obtained by other Auger analyses using Auger data below 1 EeV and 10 EeV [6]. The
light green symbols show the limits derived from Telescope Array data [16]. Predictions of UHE photon
fluxes [17] are indicated as colored bands, for comparison. The yellow band shows the extrapolated flux to
the highest energies of the source HAWC J1825-134 [18]. The dashed curve shows the flux expected from
SHDM particles with mass M, = 10'° GeV and lifetime T, =3X 10?3 yr [4]. More details in the text.

where E, is the reconstructed photon energy, N35 % is the Rolke upper limit to the number of photon
events computed at 95 % of confidence level, assuming the extrapolated background as background
expectation, and (&) is spectrum-weighted average exposure in the energy range E, > E 0 shown
in the right panel of Fig. 3.

Five different energy thresholds of 1, 2, 3, 5, and 10 EeV were considered. The number of air-
shower events with photon-like characteristics found at each energy threshold were, respectively,
22, 2,0, 0, 0. These numbers are compared with the expected background events from a pure
hadronic background determined for each energy threshold, respectively: 30 + 15,6 +6,0.7 = 1.9,
0.06 £ 0.25 and 0.02 + 0.06. Therefore, considering the spectrum-weighted exposure reported in
the right panel of fig. 3, the resulting upper limits in each energy range considered are, respectively,
0.0403, 0.0113, 0.0035, 0.0023, 0.0021 in units of km™2 sr™! yr~!,

The derived upper limits are the most stringent ones in the energy range from 1 EeV to 10 EeV,
and are shown in fig. 4, along with previous results below 1 EeV and above 10 EeV obtained in [6].

The attained upper limits can be then discussed in the context of expectations from different
GZK expected fluxes for UHE photons, assuming a pure proton (red band) and iron (blue band)
composition of the primary cosmic rays. The derived upper limits are found to be approaching the
region of the photon fluxes predicted in a pure proton composition scenario. A much larger increase
of the exposure would be required to probe scenarios of heavier nuclei.

The yellow band in fig. 4 indicates the extrapolation of the flux observed by the HAWC
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experiment from the source J1825-134 [18], found to be coincident with a giant molecular cloud.
HAWC J1825-134 [18] is taken as an exemplary one as its energy spectrum extends well beyond
200 TeV without a clear break or a cutoff. This flux has been calculated by converting it to the flux
measured by a diffuse analysis, i.e., ignoring the information related to the arrival direction of the
detected events and considering the data period as well as the detector area and the fraction per day
where this source is in the field of view of Auger.

A comparison of the achieved upper limits, is also performed with expectations from processes
that predict fluxes of photons in non-acceleration (top-down) mechanisms, such as the decay or
annihilation of exotic particles, most notably dark matter (DM) composed of super-heavy particles.
The latter were recently revived as an alternative to weakly-interacting massive particles. From the
absence of photons, we could set constraints on the properties of DM particles in terms of mass My
and lifetime 7x. Nevertheless, even if through our upper limits we can limit the mass and lifetime
of SHDM particles, there are still accessible values as shown by the expected flux with the dashed
curve, obtained for particles with mass M, = 10'%eV and lifetime T, =3X 102 yr.

5. Conclusions

In this work we discussed a new analysis technique for the search of photon primaries in the
EeV range using hybrid detectors. The attained upper limits are the most stringent ones and are
approaching the region of the cosmogenic photon fluxes predicted in a pure proton composition
scenario. A larger increase of the exposure would be required instead to probe scenarios of heavier
nuclei. The upper limits reported can constrain SHDM models and, in particular, the mass and
lifetime of SHDM particles. Nevertheless, these models are not completely excluded.
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