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Abstract: Diuse photons of energy above 0.1PeV, produced through the interactions
between cosmic rays and either interstellar matter or background radiation elds, are powerful
tracers of the distribution of cosmic rays in the Galaxy. Furthermore, the measurement of a
diuse photon ux would be an important probe to test models of super-heavy dark matter
decaying into gamma-rays. In this work, we search for a diuse photon ux in the energy
range between 50PeV and 200PeV using data from the Pierre Auger Observatory. For the
rst time, we combine the air-shower measurements from a 2 km2 surface array consisting
of 19 water-Cherenkov surface detectors, spaced at 433m, with the muon measurements
from an array of buried scintillators placed in the same area. Using 15months of data,
collected while the array was still under construction, we derive upper limits to the integral
photon ux ranging from 13▷3 to 13▷8 km−2 sr−1 yr−1 above tens of PeV. We extend the
Pierre Auger Observatory photon search program towards lower energies, covering more than
three decades of cosmic-ray energy. This work lays the foundation for future diuse photon
searches: with the data from the next 10 years of operation of the Observatory, this limit
is expected to improve by a factor of ∼ 20.
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1 Introduction

The origin and acceleration of very-high-energy (VHE, E ≳ 1014 eV) cosmic rays can be
investigated through the detection of photons produced by the interaction between cosmic
rays and surrounding matter near their sources [1–3]. Photons with energies between 1014 eV
and 1018 eV interact with background radiation elds, limiting their travel to at most a few
megaparsecs (Mpc) [4], making them ideal probes for studying sources within our Galaxy
and its vicinity. Recent observations have identied primary photons from Galactic sources
with energies reaching up to ∼ 1015 eV [5, 6].

In addition to astrophysical sources, cosmogenic photons are expected to arise from
interactions between cosmic rays and the cosmic microwave background, as well as the
extragalactic background light, in intergalactic space [7–9]. Light particles have higher
interaction cross-sections with these elds, leading to more frequent production of secondary
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photons than occurs with heavier nuclei [10]. Recent studies using the data acquired by the
Large High Altitude Air Shower Observatory (LHAASO) suggest that the average cosmic-ray
mass is heavier than helium at around 1016 eV with an increasing trend towards heavier
elements up to about 2 × 1017 eV [11], after which the composition either remains constant
or becomes lighter [12–17].

Another signicant contribution to the diuse photon ux comes from the interactions
between VHE cosmic rays and Galactic disk matter [18, 19]. Similar to uxes from cosmic-ray
propagation through radiation elds, this component depends on the ux and composition
of the primary cosmic rays, as well as the distribution of the gas in the Galactic disk, and
the interaction cross-sections. This ux diminishes as E−2 and may become the dominant
component of the total cosmogenic photon ux below 1017 eV, though it remains four to ve
orders of magnitude lower than the energy-integrated cosmic-ray ux. Measurements from
LHAASO provide further insight into the diuse gamma-ray emissions from the Galactic
plane, spanning energies between 1013 eV and 1015 eV. These measurements indicate that the
gamma-ray ux is three times higher than predictions based on local cosmic-ray interactions
with Galactic matter, particularly in the inner Galactic plane [20]. These results suggest
additional emission sources or spatial variations in cosmic-ray uxes, pointing to a more
complex picture of gamma-ray production in the Milky Way. Upper limits on the diuse
photon ux between 1015 eV and 1▷5× 1017 eV have been set from the Northern Hemisphere
using experimental facilities, including KASCADE-Grande [21], EAS-MSU [22] and CASA-
MIA [23], while a diuse search towards the Galactic plane has been performed with data
measured by IceTop at 2 × 1015 eV [24].

The diuse photon ux can also be used to constrain the lifetime of super-heavy dark
matter (SHDM) within the Galactic center. The decay of SDHM may contribute to the
diuse photon ux above a few 1015 eV [25–27]. Since photons generated in the Galactic
center are not signicantly attenuated owing to the source proximity, they provide a prime
signal for probing gamma-ray production across various SHDM decay channels [28, 29].

The searches for photons at ultra-high energies (UHE, E ≳ 1017 eV) are performed
by measuring extensive air showers, i.e., cascades of secondary particles produced in the
atmosphere. The main challenge in these searches is distinguishing primary photons from
the overwhelming background of charged cosmic rays. The separation is based on air-
shower properties: showers initiated by photon primaries develop almost entirely through
electromagnetic processes, while those initiated by hadrons contain a much larger number
of muons [30–32]. Due to the smaller multiplicity of electromagnetic compared to hadronic
interactions, the atmospheric depth of maximum shower development, Xmax, is expected to
be deeper for a photon than for a hadronic primary. Also, taking into account the muonic
component, this leads to a atter lateral spread of the shower for hadronic cosmic rays
compared with primary photons. These distinctive characteristics of photon showers are
used to discriminate them from hadronic showers.

The Pierre Auger Observatory [33] integrates multiple detection techniques to extract
information from air showers reaching the ground using a surface detector (SD) and from
the measurement of the light emitted by air showers using a uorescence detector (FD).
The Pierre Auger Collaboration, combining SD and FD measurements, has set the most
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stringent upper limits on the integral photon ux at energies above 2× 1017 eV [34–36]. These
analyses rely either on the rise-time and the integrated signal measured by water-Cherenkov
detectors (WCDs) within the SD stations [33], the slope of the lateral signal fall-o, the
indirect muon number estimation, or the measurement of the uorescence radiation produced
during the air-shower development.

In this study, we extend the search for primary photons done at the Auger Observatory
towards lower energies, reaching down to 5 × 1016 eV. The extension is made possible by
a dense array of 19 WCDs deployed over 2 km2 and the direct measurements of the air-
shower muonic component by an array of buried scintillators deployed in the same region, as
discussed in section 2. The Monte Carlo-driven reconstruction of photon-initiated events and
the denition of a unique energy scale to treat both photon and hadronic events are presented
in section 3. The photon-hadron discrimination is performed using an observable, Mb, dened
as the event-wise weighted sum of the muon density measurements. The power of this photon-
hadron discriminator is presented in-depth in section 4. The selection criteria considered in
data are described in section 5. The results of the photon search are presented in section 6.

2 Detection systems and data

The surface detector of the Pierre Auger Observatory consists of three regular detector grids,
spaced by 1500m, 750m and 433m, each designed to probe dierent regions of the cosmic-ray
energy spectrum. Among these, the SD-433 [37, 38] is used in this study and comprises
of 19 WCDs arranged in seven regular hexagons, covering an area of ∼2 km2. Each WCD
operates independently, calibrated using atmospheric particles, with signals measured in units
of vertical equivalent muons (VEM) [39]. A more detailed description can be found in [33, 40].

The SD triggering system starts with low-level triggers from individual WCDs, progressing
to the high-level trigger (T5). This trigger is used to select events where the station with the
highest signal is surrounded by ve (5T5) or six (6T5) active stations present in the ring of
nearest neighbors. It ensures an accurate reconstruction of the impact point on the ground
and reduces the calculation of the exposure to purely geometrical arguments [41].

In the conguration used in this work, eleven stations of the SD-433 array are co-located
with stations of the Underground Muon Detector (UMD), as illustrated in gure 1, left.
Each UMD station consists of three modules, each containing 64 plastic scintillator bars
measuring 400 cm in length, 4 cm in width and 1 cm in thickness providing a sensitive area
of ∼10m2 [42, 43]. The central station on the array’s western edge contains six modules,
providing a sensitive area of ∼50m2, compared to the standard 30m2 area in all other stations.
All modules are buried under 2.3m of soil equivalent to a vertical shielding of 540 g/cm2, that
lters out most of the particles produced in the air except muons with kinetic energies ≳1GeV.
When a charged particle passes through the module, the scintillation material emits photons
that are collected by a 1.2mm wavelength-shifter optical ber and conducted to an array of
64 silicon photomultipliers (SiPMs) Hamamatsu S13081-050CS [44]. Front-end electronics
convert the analog pulses of each SiPM into binary signals, eectively translating the current
pulses into a sequence of digital boolean samples. These output signals are sampled by
a Field-Programmable Gate Array at 320MHz, corresponding to a sampling interval of
3.125 ns, resulting in a binary trace of 2048 bits stored in the front-end memory. The back-end
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Figure 1. Left: A schematic view of the SD-433 array. Solid black positions are equipped with
buried scintillators. Events acquired by the three highlighted hexagons are considered for the photon
search. Right: One of the events acquired on February 27, 2021, part of the selected data set. The
reconstructed energy is (4▷1± 0▷1)× 1017 eV, obtained with a dedicated data energy scale [38], with
a zenith angle of (26▷3 ± 0▷3) ◦. Dashed lines indicate the tted lateral distribution functions (see
section 3).

electronics handles all calibration, control, and monitoring tasks [45]. Additionally, the surface
electronics, common to all UMD station modules, interfaces with the SD electronics to check
for a trigger and retrieve and transfer the binary traces upon an event data request.

The highly segmented UMD modules are designed to count individual muons when
triggered by the associated SD station. The counting procedure, performed on the binary
traces, has been optimized to provide an unbiased estimate of the number of muons reaching
a module. Specically, muons are identied along the traces as a compact pattern of four
consecutive “1” samples. Upon a successful match, an inhibition time window of 12 samples
is activated, preventing additional muon counts within this period [46, 47]. The estimated
muon density is dened as the number of muons over the projected area of a module to
account for the decrease of its sensitive area with the air-shower zenith angle.

To reconstruct the incoming direction of the primary particle and the lateral distribution
function (LDF) [48] of the air showers we use the signals from the WCDs. The LDF is
described by the Nishimura-Kamata-Greisen (NKG) function [49, 50] from which we extract
the shower size, S(rref), dened as the value at an optimal distance, rref. For an array
spacing of 433m, rref is chosen as 250m to minimize the uncertainties of the signal due to
the imperfect knowledge of the functional form of the LDF in individual events [51]. The
shower size, S(250), corrected for the attenuation in the atmosphere serves as an observable
that can be calibrated against the primary energy. Although for most events detected with
SD-433 (hadronic showers) a data-driven energy calibration is employed [38, 52], the energy
calibration for photon events is instead performed using detailed Monte Carlo simulations,
as discussed in section 3.

The photon search strategy designed for this work relies on the SD-433 data to measure
the air showers, providing information on the primary energy and shower geometry, and on
the direct measurement of the air-shower muon content, as recorded by the UMD stations. To
ensure a sucient sampling of the air-shower muon content, leading to a suitable discrimination

– 4 –



J
C
A
P
0
5
(
2
0
2
5
)
0
6
1

power as discussed in section 5, we select events acquired by the three highlighted hexagons
of gure 1, left. The data for this analysis were recorded from December 17, 2020, when
the central UMD stations in the three employed hexagons were commissioned, to March 31,
2022, before the upgrade of the 19 stations with new electronics [53].

The ux of events acquired by the SD hexagons is expected to remain constant, apart from
a negligible seasonal modulation. As the number of detected events follows Poisson statistics,
identifying unstable periods in the data acquisition of the SD-433 involves searching for time
intervals between consecutive events incompatible with the Poisson expectation.1 The same
methodology is employed for the UMD modules, based on the rate of 6T5 events acquired by
the SD-433 during which a UMD module is registered as active. Unstable periods for each
UMD module are identied by analyzing the time intervals between consecutive appearances
in the data. After subtracting unstable periods for both detection systems based on the arrival
time of 6T5 events, the nal data set is composed of 5T5 and 6T5 events recorded during
∼15▷5months, equivalent to 8months of data acquisition with the three hexagons operating
under ideal conditions. The nal data set is composed of 15,919 events with energies above
1016▷7 eV and zenith angles up to 52 ◦. The energy threshold is derived with the Monte Carlo
study presented in section 3.4, while the zenith angle range is discussed in section 3.1. One
of these events is shown in gure 1, right, where the LDF and energy calibration have been
performed using the reconstruction used for the bulk of SD-433 events [38].

3 Energy assignment of photon and proton events

Unlike hadronic-initiated air showers [54], a data-driven energy calibration for photons is
impractical because no photons have yet been detected above a few ∼ 1015 eV. Furthermore,
given the depleted muon content in photon-initiated showers, a data-driven energy calibration
would overestimate the photon energy because the SD is sensitive to muons. Stated otherwise,
a photon and a hadronic primary of the same energy do not generate the same average signal
in the WCDs. Consequently, simulated air showers with a suciently large probability to
generate an event in the SD array are selected in section 3.1 before being employed to derive
a dedicated energy calibration for photon-initiated events,2 as described in section 3.2.

The discrimination method is designed using protons as the only hadronic species, because
proton-initiated air showers have a muon content most similar to photon-initiated showers
among the hadronic primaries present in the cosmic-ray ux. The energy of simulated
proton events is underestimated when employing a data-driven energy calibration, since
current high-energy hadronic interaction models appear to underestimate the number of
muons produced in air showers [42, 55]. Therefore, a Monte Carlo-based energy assignment
is developed in section 3.3. This approach provides the most conservative background
estimation, as discussed in section 4.

1For example, consecutive events separated more than 1.1 hours when the seven hexagons of the array are
operative are not compatible with a Poisson probability at a 99% condence level and hence identied as an
unstable period.

2The bias introduced by the muon decit in hadronic models is not expected to signicantly aect an
energy calibration based on photon-initiated events given the minimal muonic content in such showers.
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Because the nature of the primary cosmic rays is unknown in the data, one cannot apply
separate energy calibrations for hadron- and photon-initiated showers. A unied energy scale
is thus essential for accurately comparing events initiated by dierent primary species. To
tackle this problem, the photon-equivalent energy scale is developed in section 3.4.

3.1 Trigger efficiency of photon and proton primaries

The probability of a shower to trigger the array depends on the characteristics of the primary
particle. We quantify this probability, the trigger eciency, using air-shower simulations.
The simulation library covers an energy range between 1016 eV and 1017▷5 eV, which follows
an E−1 distribution and zenith angles uniformly distributed in sin2 θ up to 60 ◦. It contains
15,000 air showers for each primary, produced using CORSIKA v7.6400 [56] with EPOS-
LHC [57] and Fluka2011.2x [58] as the high- and low-energy hadronic interaction models. The
transition energy between these two regimes is set at 80GeV. To manage the computational
load, we employ a thinning algorithm as outlined in [59] with a thinning threshold of 10−6.
Subsequently, the particle distributions at ground level are unthinned at the stage of the
detector simulation as described in [60]. Each air-shower core is randomly positioned ten
times around the central station of the array and the detector response is simulated using
the Auger Off line framework [61, 62].

Figure 2 depicts the trigger eciency for the simulated photon and proton events.
Air showers initiated by hadronic primaries, such as protons, reach the ground with a
signicantly more prominent muonic component than those initiated by photon primaries
due to the decay of charged pions and kaons produced during hadronic interactions in the
atmosphere. This increased muonic content is crucial for trigger generation, especially as the
zenith angle increases and atmospheric attenuation of the electromagnetic particles becomes
more signicant. The trigger eciency for proton-initiated air showers is thus consistently
higher than that for photon events, with the dierence becoming more pronounced at larger
zenith angles.

A sigmoid model, represented by solid lines, describes the trigger eciency based on the
simulated energy, EMC, and zenith angle, θ, with parameters estimated using a maximum
likelihood method. Events generated by air showers with an expected trigger eciency
greater than 90% and a zenith angle smaller than 52 ◦ are selected for the Monte Carlo-driven
analyses throughout this article since the trigger eciency for photon showers with more
inclined directions is negligible. Around 59,000 (64,000) photon (proton) events survive the
selection cuts, representing nearly 40% of the total simulated events.

3.2 Photon-initiated events

As described in section 2, the primary energy is calibrated using the signal interpolated at
250m from the shower axis, S(250). This value is determined by evaluating a parametrized
LDF tted to best match the observed signals in each triggered SD station. To achieve an
accurate estimate of S(250), the slope parameter of the LDF is parametrized as detailed
in appendix A. We utilize only one of the ten realizations of simulated events produced for
each air shower to account for shower-to-shower uctuations in the energy calibration. A
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power-law model is used to describe the relationship between S(250) and EMC [63]:

S(250)
g(θ) =


EMC

1017 eV

α(θ)
(3.1)

The power-law index, α, is found for the subset of events in each of eight zenith-angle bins
employing a χ2 minimization. As shown in gure 3, left, α is mildly dependent on the zenith
angle with a relationship that can be modeled as:

α(θ) = α0 ×

1 + α1 × (cos2 θ)α2


(3.2)

The three free parameters are listed in table 1. The power-law index α is slightly below unity
for vertical events due to the higher likelihood of these showers arriving at the observation
level before reaching their maximum development, especially at the highest energies, compared
to non-vertical events. The ratio S(250)◁Eα decreases with the zenith angle, as shown in
gure 3, right, reecting the atmospheric attenuation of electromagnetic air showers. Based
on the universality of the electromagnetic longitudinal development, the signal-to-energy
ratio can be described using a Gaisser-Hillas function [64]:

g(θ) = g0 ×

1 + x− g2

g1

g1◁g3
× exp


−x− g2

g3


, wherex = sec θ − sec 25 ◦ (3.3)

The free parameters, listed in table 1, are estimated via a χ2 minimization to the average
ratio. Particularly, the parameter g0 = (38▷9 ± 0▷1)VEM represents the expected signal
measured by the SD-433 at 250m from the axis of a shower initiated by a photon primary
of 1017 eV with a zenith angle of 25 ◦.

The calibration performance is evaluated by examining the relative dierence between
the reconstructed energy, Erec, and the simulated energy, EMC. This method reconstructs the
photon energy with a bias of less than 2%, as shown in gure 4, top. The resolution of the
calibration is dened as the standard deviation of the distribution of the relative dierence
between Erec and EMC. As shown in gure 4, bottom, the zenith-integrated resolution
remains nearly constant at around 12%.
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Parameter Value

α0 1▷15± 0▷04
α1 −0▷192± 0▷025
α2 2▷96± 1▷17

g0 38▷9± 0▷1VEM
g1 0▷623± 0▷053
g2 −(9▷64± 0▷69)× 10−2

g3 (9▷05± 0▷48)× 10−2

Figure 4. The bias and resolution of the energy
calibration for photon events dened by eq. (3.1).

Table 1. The parameters modeling the attenua-
tion of the shower size and the energy calibration,
dened by eqs. (3.2) and (3.3).

3.3 Proton-initiated events

This subsection details the energy assignment of simulated proton events, focusing on the
relationship between S(250) and EMC. As discussed above in the context of photon events, a
single realization per air shower is used to properly account for shower-to-shower uctuations.
The LDF slope parametrized for the bulk of the SD-433 data [38] is utilized for the simulated
proton events since it is suitable to describe hadronic-initiated events. A power-law is used
to describe the correlation between S(250) and EMC

S(250)
g′(θ) =


EMC

1017 eV

α′

(3.4)
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by eq. (3.4).

in analogy with eq. (3.1). The attenuation function model for proton events, inspired by
recent analyses with the SD-433 data [37, 38], is

g′(θ) = a′ ×

1 + b′ × x+ c′ × x2 + d′ × x3


, wherex = cos2 θ − cos2 30 ◦ (3.5)

We select a reference zenith angle of 30 ◦, as it corresponds to the median zenith angle
of the simulated proton events, ensuring a representative selection. A combined t of the
attenuation function, g′(θ), and the power-law index, α′, to the S(250) is conducted. In
this process, the likelihood of observing the samples of S(250) is maximized by tuning the
mentioned free parameters assuming an underlying Gaussian probability density function
describing the theoretical shower size. The standard deviation of the predicted shower size is
taken as the uncertainty coming from the event reconstruction. The estimated values for the
parameters involved in eqs. (3.4) and (3.5) are summarized in table 2.

The bias and resolution provide insight into the reliability and precision of the calibration.
As shown in the top panel of gure 5, the reconstructed energy exhibits a bias below 2% for
energies above ∼ 1016▷7 eV, while the resolution follows the expected trend with the primary
energy, improving from 18% to 13% across the energy range under study, as presented in
the bottom panel of gure 5.

3.4 The photon-equivalent energy scale

In the case of simulated proton events, the energy assignment tailored for photon primaries
described in section 3.2 leads to a systematic overestimation of the reconstructed energy by
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Figure 6. The relative dierence between the reconstructed and simulated energy in terms of the
latter. Left: Events are initiated by proton primaries, where the energy is assigned using the procedure
described in section 3.2. Right: Events are initiated by photon and proton primaries, where the energy
is assigned using the photon-equivalent energy scale (see text for details).

∼ 15%, as shown by the black markers in gure 6, left. This is due to the muonic component,
larger in hadronic showers than in electromagnetic ones, in particular at 250m from the
shower axis. Furthermore, because proton and photon showers attenuate dierently in the
atmosphere, one can see in the gure a clear dispersion in the reconstructed energy across
angular bins. To account for the dierent attenuation of hadron- and photon-initiated air
showers, we dene the photon-equivalent energy scale, Eγ,eq. This scale is constructed using
the attenuation curve derived from simulated proton events, i.e., from eq. (3.5), and the
energy power-law index obtained for photon events, i.e., from eq. (3.1). Thus a reconstructed
event with a shower size S(250) can be assigned an energy Eγ,eq independently of the primary
species and for both simulations and data.

The application of this energy scale to simulated proton events results in a bias of 10%
at 1016▷7 eV decreasing to 5% at the highest energies, as shown in gure 6, right. Importantly,
this bias shows no signicant angular dependence, making Eγ,eq a robust scale across dierent
zenith angles. On the other hand, photon-initiated events, when analyzed using this scale,
are assigned underestimated energies. The bias changes from −10% to −15% in the energy
range of interest, as displayed in gure 6, right. Consequently, in a given Eγ,eq bin, simulated
photon events are mixed with proton events that have true lower energies, and thus lower
muon content. This mixing leads to a conservative estimation of the separation between
hadron- and photon-initiated events based on the muon content that scales with the primary
energy. Therefore, the discrimination method described in the next section is tailored and
optimized in such a conservative scenario.

4 Discrimination between photon and proton events

The search for primary photons in the cosmic-ray ux is a classication problem of a
tiny signal in the overwhelmingly dominant hadronic background. The muon density is a
powerful observable for distinguishing between air showers dominated by the electromagnetic
component and those with signicant hadronic contributions. Using the simulated set
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described in section 3.1, we dene in section 4.1 a muon-based observable that can be related
to the mass of the primary cosmic ray. We optimize it to maximize the separation power
between photon- and proton-initiated events in section 4.2, where the energy is assigned with
the photon-equivalent energy scale, as discussed in section 3.4.

4.1 Muon content estimator, Mb

For each event, the muon densities, ρi, measured at various distances, ri, from the shower
axis are combined to dene the discrimination observable Mb [65]:

Mb = lg




i

ρi
ρpr

×


ri
rpr

b

 (4.1)

Each measured muon density is normalized by the average muon density, ρpr, expected
in proton-initiated events at a predened reference distance, rpr, and is parametrized in
terms of the primary energy and zenith angle. This normalization serves a dual purpose
in the discrimination method. First, it oers an initial estimate of the muon content, with
hadronic-induced showers typically yielding positive values of Mb and photon-initiated showers
producing negative values. Second, by normalizing each muon density by ρpr, the energy and
angular dependencies of Mb are largely absorbed, while the composition-dependent scaling
of the muon densities is preserved. The power-law index, b, is selected to maximize the
separation power of Mb between photonic and hadronic events, as discussed in section 4.2.

The reference distance, rpr, is chosen to minimize uctuations in the number of muons
intersecting the sensitive area of a UMD station. The average number of muons, Nµ,
decreases with the distance to the shower axis, following the lateral spread of the shower front.
Conversely, the relative uctuations, σµ◁Nµ, increase with distance, as shown in gure 7, left.
These relative uctuations are inuenced by both the shower-to-shower and the Poissonian
uctuations sprouting from the decreasing number of impinging muons [66]. The relative
uctuations are estimated as the root-mean-square of the Nµ distributions in distance bins.3
A plateau in the relative uctuations is observed up to ∼ 300m, mildly dependent on the
primary energy and zenith angle. Consequently, we select a reference distance of rpr = 200m,
which corresponds to about 25% statistical uctuations in the number of muons with a
minimal variation across the studied energy range.

The normalization factor, ρpr, is then dened as the average of the muon density in
proton-induced events at 200m from the shower axis. It is parametrized in terms of the
proton energy, Epr, and zenith angle using the muon densities measured between 195m
and 205m from the shower axis. The energy dependence of ρpr is illustrated in gure 7,
right, and can be described by:

ρpr = ρ0(θ)×


Epr
1017 eV

c(θ)
(4.2)

The estimated values of the free parameters, ρ0 and c, using events in dierent zenith angle
intervals are depicted in gure 8. The normalization, ρ0, decreases with the zenith angle,

3At distances below ∼300m, shower-to-shower uctuations dominate in the energy range under study,
exceeding the Poissonian uctuations by a factor between 2 and 3 at energies between 1016▷5 eV and 1017 eV.
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Figure 8. The free parameters of eq. (4.2) estimated by χ2 minimization to the muon densities in
angular bins with superimposed tted quadratic and constant models.

representing the atmospheric attenuation of the muon component. In contrast, the power-
law index, c, governs the energy-driven muon production and shows no signicant angular
dependence. A quadratic dependence on cos2 θ−cos2 30 ◦ is proposed to describe lg(ρ0), while
c is assumed to be a constant. These four free parameters are estimated using a maximum
likelihood approach to the unbinned data and presented in table 3.

4.2 Optimization of Mb

Because the number of muons on the ground decreases with increasing distance from the
shower axis, the observed muon densities exhibit signicant statistical uncertainties at large
distances due to the nite detector size, independent of the primary particle. Therefore, Mb

is dened using the measurements taken with the “hottest” station (the one with the highest
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ρ00 ρ01 ρ02 c

Mean −0▷108 0▷262 −0▷591 0▷890
Uncertainty 0▷002 0▷010 0▷055 0▷006

Table 3. The constant, linear and quadratic coecients in cos2 θ − cos2 30 ◦ describing lg(ρ0(θ)) in
eq. (4.2). The last column corresponds to the parameter c present in eq. (4.2).

SD signal) and its six nearest neighbors, which together dene the “hottest” hexagon of
an event. An example of the Mb=1 distributions for photon- and proton-initiated events is
displayed in gure 9, left. While there is a clear separation between the two populations, a
subset of muon-poor proton events is visible. These events generally correspond to showers
with a dominant electromagnetic component, generated by the decay of leading π0 produced
in rst interactions and carrying a substantial fraction of the primary cosmic-ray energy. Vice
versa, a minor subset of photon showers with hadronic-like muon content is also observed.
These events result from the decay of a leading π±, caused by a photonuclear interaction,
which initiates a hadronic sub-shower early in the shower development.

The choice of b in eq. (4.1) aims to minimize the risk of misclassifying a background
event as a photon event, while still ensuring a substantial probability of identifying photon
events. The hadronic background is assumed purely of protons to provide a conservative
estimation of the photon-hadron separation power, given the existence of a non-negligible
contribution of primaries heavier than protons in the cosmic-ray ux [12, 14]. We dene
background contamination as the ratio of the number of proton events below a specied Mb

threshold to the total number of proton events. To estimate the former from the available
statistics, the Mb of the 10% most photon-like proton events are tted using an unbinned
maximum likelihood procedure, assuming an exponential model (shown by the black line in
gure 9, left). Then the number of proton events below a given Mb threshold is calculated
from the integral of the tted tail.4 The signal eciency, on the other hand, is dened as
the ratio between the photon-initiated events having values of Mb smaller than the threshold
value and the total number of photon events.

As shown in gure 9, right, the contamination is minimal for a range of values of b around
unity in the energy range of interest for a xed signal eciency of 50%. It decreases with
increasing energy due to the enhanced air-shower muon content. Therefore, b = 1 is chosen
as the index that minimizes the background contamination, dening the discrimination
observable as M1.

The background contamination and signal eciency can be computed by scanning over
all possible values of the M1 threshold, as exemplied in gure 10. The contamination
decreases with increasing primary energy, reecting the increasing number of muons produced
in hadronic air showers at higher energies. In addition, a larger signal eciency can be
reached at the expense of a larger background contamination.

4This estimation of the background contamination does not depend on the size of the most photon-like
background tail, i.e., it remains stable when considering between 5% and 15% of the proton events in the
denition of the background tail, thus adding to the robustness of the method.
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Figure 9. Left: The Mb=1 distributions for simulated photon- and proton-initiated events for energies
lg (Eγ,eq◁eV) ∈ (16▷7, 16▷9). The uncertainty in bins with fewer than ten entries is the asymmetric
condence belt calculated with the Feldman-Cousins method at 95% condence level [67]. The t
to the proton tail employed to estimate the background contamination is displayed as a black band.
Right: The average background contamination for the quoted energy bins in terms of b for a xed
signal eciency of 50%.
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Figure 10. The background contamination in terms of the signal eciency for the quoted energy
bins in the photon-equivalent scale.

We note that the background contamination and signal eciency shown in gure 10
are obtained assuming a complete UMD hexagon, e.g., the north-west hexagon in gure 1,
left. We veried that the choice of b = 1 remains eective even when considering missing
UMD stations in the rst ring of neighbors. However, the discrimination power, i.e. both the
background contamination and signal eciency, varies depending on the real congurations
of the detector, as discussed in the next section.

5 Selection of photon events in data

In this section, we study the application of the discrimination method to data, considering the
actual conguration of the detector. Given that the fraction of photon primaries expected to
be present in the cosmic-ray ux may be well below 10−5, the standard event reconstruction,
ne-tuned to hadronic events, is employed for the data. The event selection follows the
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Cat. No. of rst-ring
UMD stations

Minimum UMD area
in rst ring (m2)

Missing UMD
stations in rst ring

No. of
events

I 6 190 0 3,295
II 5 140 1 1,491
III 4 110 2 non-NN 8,417
IV 4 110 2 NN 298
V 3 80 3 non-NN 1,016
VI 3 80 2 NN + 1 non-NN 1,402

Total 15,919

Table 4. The six categories of events based on the available UMD stations in the hottest hexagon,
the total detector area, and the relative location of missing UMD stations in the rst ring, either
nearest neighbors (NN) or non nearest neighbors (non-NN). The last column contains the size of each
data subset.

procedure described in section 2. Both the estimated shower size and zenith angle are used
to assign photon-equivalent energy to each event.

The observable M1 quanties the muon content of each event, as dened in section 4.2,
and scales with the number of available UMD stations in the hottest hexagon. Air showers
with low muon content, charactistic of photon-like events, would have smaller values of M1
compared to hadronic events. However, if any UMD stations are missing, either due to not
being deployed yet at the time of detection or to technical issues during data acquisition,
less information on the muon content would be available. This results in smaller values
of M1 when fewer than seven UMD stations are operational, leading to an increase of the
likelihood of misidentifying background events as photon-initiated. Thus, before applying
the discrimination method to the selected data set, it is important to evaluate the impact of
missing UMD modules across the seven stations of a hexagon.

Due to the irregular placement of UMD stations in the SD-433, as seen in gure 1, left,
the muon component arriving at the ground is sampled by a variable number of UMD stations.
Therefore, the threshold value of M1 to classify an event as a photon candidate, i.e., the
photon candidate cut M cut

1 , is obtained according to the possible congurations in the hottest
hexagon. The events are classied in six categories, as listed in table 4, depending on the
following three criteria: the number of available UMD stations (i.e., stations with at least
one active module), the total area spanned by these stations, and the relative position of any
missing stations (i.e., stations without active modules). The hottest station must contain
three active UMD modules regardless of the event category.

The discrimination power of a hexagonal grid that mimics the SD-433 is evaluated
through simulations (see section 3.1), assuming each SD station is paired with a 30m2 UMD
station, except for the aforementioned 50m2 station. UMD stations or individual modules
are randomly masked to simulate missing measurements and assess the discrimination power
for each event category. M cut

1 is dened as the threshold value at which the signal eciency
reaches 50%, determined as the median of the M1 distribution for simulated photon events
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Figure 11. The photon candidate cut (left) and the background contamination at 50% signal
eciency (right) in terms of the photon-equivalent energy for each of the event categories cited in
table 4. The dashed lines show examples of the tted power-law and exponential models of the
logarithmic energy, respectively.

in energy bins. Such signal eciency is suitable to reach background contamination levels
smaller than 10−4 in all event categories. Therefore, an event is tagged as a photon candidate
if M1 < M cut

1 . As shown in gure 11, left, M cut
1 increases with primary energy and with the

number of UMD stations in the hottest hexagon. The evolution of M cut
1 is described by a

function of the logarithmic energy for each event category and reported in appendix B. As
depicted in gure 11, right, the contamination remains below 10−5 for events in category
I, while it increases as the number of rst-ring UMD stations decreases, with the relative
position of missing UMD stations having a signicant impact. For instance, the contamination
in events with two missing neighboring stations is two to four times larger than in events
with non-neighboring missing stations. The background contamination is modeled using an
exponential function of logarithmic energy, as detailed in appendix B.

The parametrization of the background contamination for each event category can be
employed to obtain a conservative estimation of the number of hadronic events in data that
would be misidentied as photon candidates. For instance, the expected number of fake
photon events in the category I subset can be computed as (4▷04± 0▷04)× 10−3 by integrating
the blue curve in gure 11, right, above 1016▷7 eV [68]. Since 3,295 events above 1016▷7 eV
fall in that event category, this is equivalent to one fake photon event approximately every
815,650 events.5 Considering that the category I events were acquired over ∼ 10months
of the observation time, this suggests that one fake photon event would be expected every
106 years per hexagon.

Given the low probability of observing a background event consistent with the photon
hypothesis, a fraction of the selected data, referred to as the burnt data sample, is unblinded
to check that the M1 distribution in data agrees with simulations, before carrying on the
unblinding of the full selected data set. The burnt data represent a fraction fburnt = 0▷1
of the selected data set. The M1 distributions of burnt data for each event category are

5The expected number of fake photon events in the category IV and VI subsets, corresponding to the
congurations with the largest background contamination, is 3▷12× 10−3 and 8▷20× 10−3 respectively. It can
be translated to one fake photon event every 95,460 and 170,890 events in each of the subsets.
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Figure 12. The M1 distributions for simulated proton (orange), and photon (blue) events weighted
by E−2

γ,eq for energies above 1016▷7 eV. Black markers represent the M1 distribution for the events
belonging to the burnt data corresponding to the category I subset. The uncertainty in bins with
fewer than ten entries is calculated with the Feldman-Cousins method at 95% condence level [67].

compared with the simulated distributions, as exemplied in gure 12. Simulated events are
weighted by E−2

γ,eq to obtain energy-integrated distributions, while no weighting is applied to
the burnt data sample. As expected, the M1 distribution for the burnt data is compatible
with a hadronic origin. It is important to note that the photon-equivalent energy assigned
to a data event is around ∼ 30% higher than that assigned using the hadronic-optimized
energy scale. This discrepancy arises from the larger muon content in cosmic-ray showers
compared to the photon showers used to dene the photon-equivalent energy calibration. As
a result, the reference muon density ρpr used in the M1 denition (see eq. (4.1)) is shifted to
higher values in data compared to simulations, leading to smaller M1 values in the former
case. Thus, the distribution for data is articially shifted towards the simulated proton
distribution. Nevertheless, the M1 observable is optimized to discriminate between events
with signicantly dierent muonic components -such as photons versus all hadronic species-
due to the logarithm scaling in its denition, making it largely insensitive to the primary
hadronic mass. This limitation does not impact the search for photon events in data, as
discussed in the next section.

6 Results of the photon search

Excluding the burnt sample, the remaining 14, 299 events constitute the search data set.
For each event, the M1 observable is compared to the parametrized photon candidate cut
M cut

1 for its respective event category, as shown in gure 13. The parametrizations of M cut
1 ,

performed with simulated events up to 1017▷5 eV, have been extrapolated to higher energies
for comparison with the data. Nevertheless, all events exhibit M1 values well above the
parametrized M cut

1 , indicating that no photon candidate events are identied.
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Figure 13. The observable M1 in terms of the photon-equivalent energy for events in the search
data set. Each panel corresponds to the quoted categories as listed in table 4 from left to right, and
top to bottom. Solid lines represent the parametrized photon candidate cut for each category.

6.1 Upper limits calculation

From the absence of photon ux measurements, upper limits on the integral photon ux
are calculated. These limits are inversely proportional to the exposure of the detection
system, which accounts for both the operational uptime of the detectors and the eciency
in detecting photon events.

The accumulated exposure to photon primaries is derived from the continuous, real-time
monitoring of the SD-433 array, as described in section 2. The operational status of each
SD station is known every second, allowing stations to be classied as either “on” or “o”.
This enables real-time monitoring of the status of each hexagon.6 Following the 5T5 and
6T5 event selection criteria, a hexagon is considered active if at least ve “on” WCDs are
surrounding the hottest one. When a 6T5 condition is met, the eective area of a hexagon
with a side length d = 433m is the one of the unitary hexagon, i.e., A =

√
3◁2 × d2. For

the 5T5 condition, the area is reduced by a geometrical factor of 1◁3 to account for the
missing nearest-neighbor station. Consequently, an active hexagon contributes to the exposure
calculation with a time-dependent area, A(t), reecting its real-time status.

As discussed in section 5, a minimum area spanned by UMD modules is required to
adequately sample the air-shower muon content. The number of “on” UMD modules at the

6Technical issues aecting eight out of the 19 SD stations during 16 distinctive periods (lasting between one
day and one week) were identied, accounting for less than 1% of the operation time. During these periods,
the stations were considered “o”.
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central station and the rst ring around it, as well as the relative position of any missing
UMD stations in the rst ring, are dynamic. They vary over time due to the absence of
deployed modules or technical issues aecting normal operation. These requirements are
mapped by a step function, u(t), incorporated into the exposure calculation.

The trigger eciency for photon-initiated showers, τ , must also be included in the exposure
calculation. This eciency depends on the primary energy and zenith angle, as discussed in
section 3.2, and the instantaneous exposure decreases as the primary energy decreases.

The accumulated exposure to photon primaries is determined by integrating the eective
area of each hexagon over the entire observation period, t, above a given photon-equivalent
energy, Eth

γ , and over the solid angle, Ω, as:

ϵγ =


hexagons



Eth
γ



Ω



t
A(t) cos θ × u(t)× τ(Eγ,eq, θ) dt dΩ dEγ,eq▷ (6.1)

The trigger eciency can be integrated with a weight proportional to a E−2
γ spectrum, moti-

vated by theoretical predictions of the diuse galactic photon ux [19], top-down models [69]
and previous photon searches by the Pierre Auger Collaboration [70].

The upper limit to the integral photon ux, Φγ , is calculated as:

Φγ <
3▷095

(1− fburnt)× fcut,γ × ϵγ
(6.2)

where the numerator represents the upper limit to the number of photon-compatible events
calculated using the Feldman-Cousins approach [67] given the null observation and a con-
dence level of 95%. The exposure to photon primaries above given energy, ϵγ , is reduced
by a factor 1 − fburnt by construction and a factor fcut,γ = 0▷504, reecting the average
signal eciency of the M cut

1 parametrizations across all event categories. Above threshold
energies of 50, 80, 120 and 200PeV, the integrated exposure up to a zenith angle of 52 ◦

is ϵγ = (0▷58± 0▷02), (0▷61± 0▷03), (0▷63± 0▷03) and (0▷63± 0▷03) km2 sr yr, respectively, in
which the dependence on the threshold energy comes in from the photon trigger eciency
model.7 An uncertainty of 4% is assigned to the exposure rising from the uncertainty of
the event rate per active SD-433 hexagon. The upper limits are computed under a conser-
vative scenario, where the average exposure above each threshold energy is decreased by
its uncertainty, resulting in integral upper limits of 12▷3, 11▷7, 11▷3 and 11▷3 km−2 sr−1 yr−1

above the mentioned threshold energies.
In gure 14, we present the upper limits on the integral photon ux obtained in this

study (represented by red markers), alongside the limits previously reported by the Auger
Collaboration [35, 71], by KASCADE-Grande [21], by EAS-MSU [22], and by Telescope
Array [72, 73]. The limits derived in this work are the only ones based on measurements
from the Southern Hemisphere in the tens of PeV energy domain. This analysis extends
the photon search program of Auger, covering over three decades of cosmic-ray energy. It
is the rst one in which direct measurements of air-shower muons provided by the UMD
are employed.

7The model for the trigger eciency was computed in terms of EMC. Thus, the energy bias between Eγ,eq

and EMC, as explained in section 3.4, was introduced before performing the integration.
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Figure 14. The upper limits to the integral photon ux above a threshold energy Eth
γ obtained in

this work at a 95% condence level, as solid red markers, and limits obtained by the Pierre Auger
Collaboration at higher energies with a 95% condence level [35, 71], as solid blue and black markers,
as well as limits reported by other experiments established at 90% condence level, except those
obtained by Telescope Array at 95% condence level (see text for a full list of references). The
light-colored bands represent predictions of cosmogenic uxes: from interactions between UHE cosmic
rays and the interstellar galactic matter [19] (in gray), with background radiation elds [7, 8, 74] (in
violet, green, and orange, depending on the quoted primary composition), and with hot gas in the
galactic halo [76] (in blue). Dashed lines correspond to super-heavy dark matter predictions (see text
for details).

Diuse photon uxes are expected from the interaction of UHE cosmic rays with back-
ground radiation elds [7, 8, 74] and with the interstellar Galactic matter [75], as discussed
in section 1. These are indicated by the shaded bands in gure 14. The upper limits de-
rived in this study are between two and three orders of magnitude above these cosmogenic
uxes. However, the expected diuse gamma-ray ux from proton-proton interactions in
the galactic halo [76] is shown to be within the reach of the upper limits obtained in this
work. Moreover, predictions from various phenomena beyond the Standard Model may
emerge above these cosmogenic uxes, e.g., those arising from the decay of super-heavy
dark matter particles [26]. In the above-mentioned gure, we show the predicted diuse
uxes in several scenarios: assuming decay channels into hadrons, a mass MX = 1010GeV
and a lifetime τX = 3 × 1021 yr [77]; MX = 1012GeV and τX = 1023 yr [77]; and assuming
decay into leptons, a mass MX = 1010GeV and a lifetime τX = 3 × 1021 yr [27]. Further
sensitivity provided by the next 10 years of data taking will allow us to constrain the pa-
rameter space of the discussed models thanks to an expected improvement in the upper
limits by a factor larger than 20.

– 20 –



J
C
A
P
0
5
(
2
0
2
5
)
0
6
1

6.2 Systematic uncertainties on the upper limits

Variations in the upper limits can arise from the energy bias related to the photon-equivalent en-
ergy scale, the exposure estimation and the changes in the number of photon candidate events.

The integral photon ux is a power law of the threshold energy Eth
γ , assuming an index

γ > 1. If the latter is adjusted to Eth
γ × (1 + b(Eth

γ )) to account for a bias on the energy, b,
the relative eect on the integral ux, and hence on the upper limits, is:

∆Φγ

Φγ
= (1 + b(Eth

γ ))1−γ − 1 (6.3)

Proton events are assigned an overestimated energy in the photon-equivalent scale, with an
energy bias that decreases from 10% to 5% in the energy range of interest (see gure 6, right).
Following eq. (6.3), the eect of this bias on the upper limits ranges from −10% to −6%
with increasing energy. Since this would imply a decrease in the upper limits, we neglect this
eect to maintain a conservative calculation. Similarly, a negative energy bias between −10%
and −15%, decreasing linearly with the logarithm of energy, is found for photon events in
the photon-equivalent energy scale (see gure 6, right). This bias leads to a relative increase
of the upper limits, ranging from 12% to 17% with increasing energy.

The impact of variations in the spectral index assumed in the energy-integrated exposure
calculation has been examined. A variation of ±0▷5 in the spectral index results in an
average change in the exposure of between 0▷7% and 1▷7% for the quoted threshold energies.
Consequently, the upper limits on the integral ux increase by a factor ranging from 0▷8%
to 2▷2% with increasing energy.

The number of photon candidate events can increase if the values of M1 decrease. In the
following, we discuss how varying the parameters in the M1 denition might cause this eect.
First, the measured muon density can decrease by up to 5▷6% when varying the parameters
involved in the muon counting strategy used to convert digital traces to the number of
muons in the UMD stations [46]. Second, the UMD simulation assumes a soil density of
2.38 g cm−3, leading to a xed soil shielding to muons. The standard deviation of the soil
density is 0.05 g cm−3 [78], which results in a 2▷8% increase in the reference muon density
ρpr [42]. Lastly, dierent high-energy hadronic models predict varying numbers of muons in
simulations, which could aect ρpr. The only model surpassing the employed one, EPOS-LHC,
in terms of the predicted number of muons, is Sibyll2.3d by about 5% [79]. Combining the
three factors, the overall systematic eect translates into an absolute shift of −0▷06 across all
M1 values. Despite this shift, no event falls below the parametrized photon candidate cuts.

Following the conservative approach mentioned before, the upper limits above each
threshold energy can be increased by the corresponding factors arising from the bias in the
photon-equivalent energy and the spectral index employed in the exposure calculation. Thus,
the nal upper limits reported in this work, including a shift towards the worst-case scenario
motivated by the considered systematic eects, are 13▷8, 13▷5, 13▷3 and 13▷6 km−2 sr−1 yr−1

for threshold energies of 50, 80, 120 and 200PeV. A summary of the upper limits before
and after accounting for the systematic eects is presented in table 5. These limits translate
into constraints on the photon fraction in the measured cosmic-ray ux [80]. Above the
specied energy thresholds, the upper limits on the photon fraction are 0▷056%, 0▷14%, 0▷35%
and 0▷97% at a condence level 95%.
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Eth
γ (PeV) ϵγ (km2 sr yr) Φγ (km−2 sr−1 yr−1) Φγ + σsys (km−2 sr−1 yr−1)

50 (0▷58± 0▷02) 12▷3 13▷8
80 (0▷61± 0▷03) 11▷7 13▷5
120 (0▷63± 0▷03) 11▷3 13▷3
200 (0▷63± 0▷03) 11▷3 13▷6

Table 5. The upper limits on the integral photon ux above each quoted energy threshold before
(third column) and after (fourth column) accounting for the discussed systematic eects. The exposure
above each energy threshold is obtained from eq. (6.1).

7 Conclusions and outlook

The search for primary photons above 10PeV has so far been conducted by experimental
facilities exclusively located in the Northern Hemisphere, thereby presenting a restricted
exposure towards the Galactic plane. This article presents the rst search for a diuse ux of
primary photons above between 50 and 200PeV from the Southern Hemisphere. At these
energies, primary photons may be expected from sources located not much further than the
Galactic center. Leveraging the densest surface array and underground muon detectors of
the Pierre Auger Observatory, we analyzed a high-quality data set comprising over 15,000
events above 50PeV. The direct measurements of the air-shower high-energy muon component
provided excellent photon-hadron separation power, resulting in a probability of incorrectly
identifying a proton as a photon primary smaller than 10−5 when the probability of observing
a photon is set at 50%, under the conservative assumption of a simulated pure proton
background. Notably, no events consistent with a photon origin were found in our dataset.

Consequently, we established upper limits on the integral photon ux above 50 to 200PeV
ranging from 13▷3 to 13▷8 km−2 sr−1 yr−1 at a 95% condence level. An average exposure
of (0▷63± 0▷03) km2 sr yr, equivalent to approximately eight months of ideal operation, con-
servatively reduced by one standard deviation, was employed for the computation of the
upper limits. Furthermore, the reported limits were increased to account for systematic
uncertainties based on the assumed spectral index of the diuse photon ux and bias in the
predicted photon energy due to the specic scale employed in this analysis.

Thanks to the addition of the surface and muon detectors spaced at 433m, the search for
primary photons can presently be conducted with data measured by the Auger Observatory
spanning over three decades of cosmic-ray energy. The additional insights provided by
the complementary detection techniques of the AugerPrime upgrade [81] will oer greater
sensitivity in cosmic-ray mass composition studies. As the Observatory continues taking
data, the exposure will progressively increase, leading to more stringent limits or possibly
the discovery of the most energetic primary photons. Furthermore, the full deployment of
UMD stations in the SD-433 array now enables the use of all seven hexagons in the array for
photon searches. The expected exposure until the planned end of operations of the Auger
Observatory will provide a signicant opportunity to constrain the mass-lifetime phase-space
for specic super-heavy dark matter models and to explore the expected photon ux from
proton-proton interactions in the Galactic halo at tens of PeV. In addition to the search
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for a diuse photon ux, this study lays the groundwork for a nearly real-time search for
primary photons in the tens of PeV domain, enhancing the role of the Auger Observatory
in the global multi-messenger astrophysics community.
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A Lateral distribution function for photon events

The analytical model for the LDF used is based on the Nishimura-Kamata-Greisen (NKG)
function [49, 50]:

fLDF(r) = S(rref)×


r

rref
× r + 700m

rref + 700m

−β

(A.1)

where rref = 250m in the case of SD-433 events. The slope parameter, β, is parametrized
a priori as follows:

β(S(250), θ) = β0(θ) + β1(θ)× lg

S(250)
f(θ)


(A.2)

using events with at least ve triggered stations, none of which is saturated,8 and between
two and four stations located 100m to 400m from the shower axis. These criteria ensure
that β is obtained with at least two degrees of freedom in the event reconstruction and with
topological coverage around 250m, providing a solid lever arm for the LDF t.

The function f(θ) compensates for the dependence of S(250) on the zenith angle:

f(θ) = f̃(θ)◁f̃(25◦), with f̃(θ) = f0

1 + exp

x−b
c

 , and x = sec θ − sec 25 ◦ (A.3)

where the reference zenith angle, 25 ◦, is selected as the median of the E−2
MC-weighted zenith

distribution. The three free parameters of f̃(θ) are estimated by examining the approximately
linear relationship between the S250 and EMC, as shown in gure 15, left. Consequently, the
ratio S(250)◁EMC is mainly determined by the angular dependence, as depicted in gure 15,
right. The sigmoid function f̃(θ) is tted to the average ratio, resulting in parameters
f0 = (4▷65± 0▷03)VEM◁1016 eV, b = (0▷194 ± 0▷002) and c = (0▷156 ± 0▷002). This model
captures the mean behavior within a 2% margin.

8A station is agged as saturated when the digitized traces of the anode channel overow.
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Figure 15. Left: The shower size, S(250), as a function of the simulated primary energy, EMC, for
photon events. The solid lines represent linear ts in zenith-angle bins. Right: The average ratio
between the shower size and the simulated energy versus the zenith angle. The solid line corresponds
to the t f̃(θ) from eq. (A.3) via a χ2 minimization.

The linear coecients, β0 and β1, depend quadratically on sec θ, as illustrated in gure 16,
left. The corresponding six parameters are estimated using an unbinned maximum likelihood
method, assuming a Gaussian probability density function for β. The resulting values are
given in eq. (A.4). The performance of the parametrization is assessed by comparing the
predicted slope from eq. (A.2), βpred, with the reconstructed slope for each photon-initiated
event, β. The parametrization shows a negligible bias (within ±2%) and a resolution better
than 19% as illustrated in gure 16, right.

β0 = (0▷756± 0▷011) + (4▷05± 0▷01)× sec θ − (2▷33± 0▷01)× sec2 θ
β1 = (0▷704± 0▷006)− (1▷37± 0▷01)× sec θ + (0▷758± 0▷004)× sec2 θ

(A.4)

B Parametrization of the background contamination and photon
candidate cuts

The average background contamination at 50% signal eciency and the photon candidate cut
were parametrized in terms of the photon-equivalent energy scale. As shown by the dashed
line in both panels of gure 11, the employed analytical models are:

fBC (Eγ,eq) = b0 × e−b1×(lg(Eγ,eq◁eV)−17) (B.1)

fcut (Eγ,eq) = −

c0 + c1 × (lg(Eγ,eq◁eV)− 16)−c2


(B.2)

The free parameters of both equations are given in table 6 for each event category.
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Event
category

b0 b1 c0 c1 c2

I (1▷15± 0▷22)× 10−6 6▷20± 0▷50 0▷262± 0▷035 1▷04± 0▷28 32▷5± 8▷5
II (2▷13± 0▷37)× 10−6 6▷76± 0▷51 0▷306± 0▷020 1▷03± 0▷12 30▷8± 4▷2
III (2▷33± 0▷39)× 10−6 6▷19± 0▷50 0▷411± 0▷012 1▷28± 0▷22 39▷3± 4▷6
IV (1▷05± 0▷15)× 10−5 5▷92± 0▷53 0▷330± 0▷055 0▷867± 0▷125 24▷0± 7▷0
V (1▷87± 0▷35)× 10−6 6▷81± 0▷46 0▷429± 0▷042 0▷931± 0▷170 27▷0± 7▷0
VI (5▷98± 0▷94)× 10−6 5▷77± 0▷43 0▷470± 0▷018 1▷10± 0▷17 34▷2± 4▷7

Table 6. The parameters of eqs. (B.1) and (B.2) modeling the background contamination at 50%
signal eciency and the photon candidate cut for each event category.
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