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of the Observatory. These searches have led to the most stringent upper limits on the diffuse
photon flux. These limits place severe constraints on current models regarding the origin of
ultra-high-energy cosmic rays and emphasize the significant capabilities of the Pierre Auger
Observatory in the context of multimessenger astronomy at the highest energies. This contribution
provides an overview of the ongoing efforts to search for high-energy photons in the data from
the Pierre Auger Observatory. The latest results from searches for the diffuse photon flux will be
presented, along with follow-up investigations for photons associated with transient events, such
as gravitational wave detections. Furthermore, future prospects will be discussed in light of the
ongoing AugerPrime detector upgrade, which will enhance the sensitivity of the Observatory to
photons up to the highest energies.
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1. Introduction

The search for ultra-high-energy (UHE) photons of cosmic origin is one of the primary scientific
goals of the Pierre Auger Observatory. While no UHE photons have been unambiguously identified
to date, the upper limits on their flux have already placed strong constraints. The detection of
UHE photons would be of fundamental importance for advancing the multimessenger approach
to understanding the most extreme astrophysical phenomena. Unlike charged particles, neutral
messengers such as photons point back directly to their sources, offering valuable directional
information. However, unlike neutrinos, UHE photons interact with the background photon fields
that permeate the Universe. These interactions significantly reduce their attenuation length to about
30 kpc at 1013 eV amd approximately 10 Mpc at 101 eV.

In this contribution, we review the current status of UHE photon searches at the Pierre Auger
Observatory. After a brief overview of the characteristics of photon-induced air showers (Sec. 2),
we describe the Pierre Auger Observatory and its detection capabilities (Sec. 3). We then focus
on the search for a diffuse flux of UHE photons using the Observatory’s various detector systems
(Sec. 4), followed by searches for UHE photons originating from transient events (Sec. 5).

2. Photon-induced air Showers

There are two principal physical differences between air showers initiated by photons and
those initiated by hadrons [1]: first, the longitudinal development of a photon-induced air shower
is delayed compared to that of hadron-induced showers. This delay arises from the lower multi-
plicity of electromagnetic interactions—which dominate in photon showers—relative to hadronic
interactions. As a result, the atmospheric depth at which the number of shower particles reaches its
maximum, Xmax, 1S typically greater for photon-induced showers. Moreover, due to the much larger
mean free path for photo-nuclear interactions compared to the radiation length, only a small frac-
tion of the electromagnetic component in a photon-induced shower is converted into the hadronic
component, and subsequently into muons. As a result, these showers contain significantly fewer
muons than hadron-induced showers of the same primary energy. All searches for UHE photons
using air-shower data are based on these two distinguishing features. Xp,x can be measured directly
via the air-fluorescence technique. Although the water Cherenkov detectors of the Pierre Auger Ob-
servatory cannot yet directly measure the number of muons, it is possible to infer information about
the muonic content by studying the lateral distribution of secondary particles at ground level. The
steepness of this lateral distribution depends on both the muon number and the shower development
profile, and is sensitive to the type of primary particle.

3. The Pierre Auger Observatory

The Pierre Auger Observatory [2] is the largest cosmic-ray observatory currently in operation,
offering unprecedented exposure to UHE photons. A defining feature of the Observatory is its
hybrid detection strategy, which combines a Surface Detector array (SD) with a Fluorescence
Detector (FD). The SD consists of 1600 water-Cherenkov detectors arranged on a triangular grid
with 1500 m spacing (referred to as SD-1500), covering an area of approximately 3000 km?.
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Surrounding the array at four peripheral sites are 24 fluorescence telescopes that constitute the FD.
While the SD continuously samples the lateral distribution of shower particles at ground level with
an almost 100% duty cycle, the FD records the longitudinal development of extensive air showers
in the atmosphere. However, the FD operates only during clear, moonless nights, limiting its duty
cycle to about 15%. By combining data from both systems in so-called hybrid events, the Pierre
Auger Observatory achieves superior accuracy in reconstructing air-shower parameters compared
to using either system alone. To extend the sensitivity of the Observatory to lower energies (below
10'8 eV), two denser infill sub-arrays have been deployed in the western section of the SD: SD-750,
composed of 50 additional detectors placed between the standard SD-1500 stations with 750 m
spacing, covering an area of approximately 27.5 km?, and SD-433, a smaller sub-array consisting of
10 detectors with 433 m spacing, primarily used for calibration and dedicated low-energy studies.
To enable hybrid measurements in this lower-energy regime, where air showers typically develop
higher in the atmosphere beyond the field of view of the standard FD telescopes, the SD-750 sub-
array is operated in conjunction with the High-Elevation Auger Telescopes (HEAT) installed at the
Coihueco FD site. The HEAT telescopes observe the atmosphere at elevation angles from 30° to
60°, complementing the original Coihueco telescopes, which cover the range from 0° to 30°.

4. Searches for a diffuse flux of photons

In this section, we summarize the four most recent diffuse, i.e. direction-independent, unre-
solved, photon searches conducted at the Pierre Auger Observatory, ordered by increasing energy
range. At E > 5 x 10'%¢V, a dedicated analysis using underground muon detectors (UMD) and
the SD-433 has been performed [5]. In the range 2 x 107 eV < E < 10'8 eV, a low-energy hybrid
analysis combining Xp,x and SD observables was carried out [6]. At E > 10'% eV, an updated
hybrid analysis was used [7], while for E > 10'° eV, photon-induced air showers were searched for
using SD data only [3].

4.1 Energy range E > 5x10'%eV

Figure 1: Distributions of M; for sim-
ulated photon- and proton-induced events
in the energy range log;y(Ey cq/€V) €
(16.7,16.9). Uncertainties in bins with
fewer than ten entries correspond to 95%
confidence intervals using the Feldman-—
Cousins method. The black band shows
the fit to the proton tail used to estimate
background contamination. See details in

[5].
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constructed from the muon densities p; at stations , normalized to the average proton-induced muon
density pp; at a reference distance r,, = 200 m. This normalization absorbs energy and zenith-angle
dependencies, where p,; is obtained from simulations. To suppress fluctuations from peripheral
stations, Mj, is computed using only the six detectors around the station with the highest signal.
The parameter b is optimized for photon-hadron separation, yielding b = 1 and defining the final
observable M;. Photon-induced showers typically yield lower M; values, while muon-rich proton
showers dominate the background.

As shown in Fig. 1, the M, distributions show a clear but non-perfect separation: rare muon-
poor proton events and photonuclear interactions may cause overlap. A conservative estimate of
background contamination is derived by fitting the lower tail of the proton M| distribution, while
signal efficiency is defined relative to photon simulations. This approach enables a tunable trade-
off between efficiency and contamination, crucial for rare photon searches. Upper limits on the
integral photon flux @I;L(Ey > Ey) at 95% confidence level are derived for threshold energies of
50, 80, 120, and 200 PeV. The resulting upper limits on the integral flux are 12.3, 11.7, 11.3, and
11.3km =2 sr™ ' yr~!, respectively [5].

4.2 Energy range 2 x 107 eV < E < 1018 ¢V

The photon search in the energy s Data
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Figure 2: Distribution of simulated photons (blue), simu-

lated protons (red), and data (black) of the BDT discrimi-
nator, 8, combining Xpax, Sp, number of stations, photon
energy, and zenith. The selection threshold for photon can-
didates is shown by the dashed line.

nal) and protons (background) are used for
training and performance evaluation. The
BDT includes also E, (calorimetric en-
ergy with 1% correction for missing en-
ergy) and the reconstructed zenith angle 6.
The analysis was applied to hybrid HeCo+SD-750 data collected from June 2010 to December
2015, yielding 2204 selected events above 2 x 10'” eV. No photon candidates are found above the
BDT cut (50% signal efficiency), with a background rejection of (99.91 +0.03)%. Upper limits on
the integral photon flux at 95% CL are derived assuming a E ~2 spectrum and an efficiency-weighted
exposure of 2.4-2.7km? sryr. The limits are 2.72, 2.50, 2.74, and 3.55 km~2 sr™! yr~! for threshold
energies of 2, 3, 5x 10!7 eV, and 10'8 eV, respectively. These translate to upper limits on the photon
fraction of 0.28%, 0.63%, 2.20%, and 13.8% [6].
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4.3 Energy range E > 108 eV

The photon search at energies above 10'8 eV [7] is performed using hybrid events. As in
the lower-energy analysis, Xpax is obtained from FD measurements, while the muon content of air
showers is quantified by the parameter F,, derived from SD signals using air-shower universality [7].

F, is a proxy of the muon content of
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Figure 3: Distribution of the Fisher discriminant for simu- the full data set (2005-2017, ~32,000 hy-

lated photons (signal, blue), protons (background, red), and Drid events above 10'8 eV). After applying
for the burnt sample (black). The vertical red line marks the the photon selection cut (at the median of
threshold f = —1.3, above which the background decreases the photon f distribution), 22 photon can-
nearly exponentially while the photon selection efficiency  djdates are identified, consistent with the
remains close to 100%. The blue line indicates the median
of the photon distribution. Inset: background rejection as
a function of signal efficiency from the Fisher discriminant
analysis.

0.0

background expectation of 30 + 15 events.
Upper limits on the integral photon flux
CIDIYJL(E7 > Ep) at 95% CL are set for
thresholds of 1, 2, 3, 5 x 10'8eV, and
10'° eV. The number of photon candidates
observed for each threshold is 22, 2, 0, 0, and 0, respectively. These are compatible with the
background expectations 30 = 15, 6 + 6, 0.7 = 1.9, 0.06 + 0.25, and 0.02 + 0.06. The efficiency-
weighted exposure, derived from simulations assuming a E~2 spectrum, ranges from 420.7 to
1245.9 km? sryr. The resulting upper limits on the integral photon flux are: 4.0, 1.1, 0.35, 0.23,
and 0.0021 km=2sr~!yr=! [7].

4.4 Energy range E > 10" eV

At energies above 10'° eV, the data collected by the SD-1500 are considered. While the
high duty cycle of the SD provides a large exposure, the absence of FD measurements poses
challenges, particularly for the determination of X,x. Two observables are employed for photon-
hadron discrimination: one related to the thickness of the shower front, and one based on the
steepness of the lateral distribution. The first observable, A, is derived from the risetime 1/, in
individual SD stations—the time interval in which the integrated signal rises from 10% to 50%
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of its total value. Photon-induced showers typically exhibit longer risetimes due to their lower
muon content and deeper development in the atmosphere. The second observable, L; pr, quantifies
the steepness of the lateral distribution function (LDF) of the signal. The two observables are
combined into a Fisher discriminant. The analysis is applied to SD data collected between 1
January 2004 and 30 June 2020, including only events with zenith angles between 30° and 60°
to ensure full shower development before ground. After applying quality cuts [3], the search
sample includes 48,061 events with E, > 10'? eV; a burnt sample of 886 events (1.8%) is used to
estimate the background. Applying the photon-candidate cut (defined as the median of the Fisher
distribution for simulated non-preshowering photons), 16, 2, and 0 events are observed above 1, 2,
and 4 x 10" eV, respectively. These results are consistent with expectations from an exponential
fit to the tail of the burn-sample Fisher distribution. No excess or peak-like feature indicative of a
photon signal is observed. Upper limits on the integral photon flux are derived at 95% CL, using
simulation-based signal efficiencies that increase from 0.26 to 0.39 for thresholds between 10'° eV
and 4 x 10" eV. The resulting upper limits on the photon flux are: 2.11 x 1073 km~2sr~ ! yr~! for
Ey, > 10YeV,0312x 103 km=2sr ! yr~! for E, > 2x 10 eV, and 0.172 x 103 km 2 sr~ ! yr~!
for E, > 4 x 10 eV.

4.5 Results from the diffuse analyses

The upper limits on the integral photon flux obtained from the four analyses (see Fig. 5)
represent the most stringent constraints to date across 2x 10'6 eV to the highest energies. The results
are robust against systematic uncertainties. Fig. 5 also compares expectations from cosmogenic
photons (proton and mixed-composition models), Galactic interactions, and super-heavy dark matter
(SHDM) decay. Current limits start to constrain optimistic proton scenarios, while SHDM models
remain viable only within specific mass—lifetime combinations.

5. Follow-up studies to transient events

Detecting UHE photons from distant sources poses considerable challenges. The flux is
expected to be strongly attenuated through interactions with cosmic background radiation fields,
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Figure 5: Upper limits on the integral photon flux above threshold energy Efyh from this work (red markers,
95% CL) and previous Pierre Auger results at higher energies (blue and black markers, 95% CL), alongside
limits from other experiments (90% CL, except Telescope Array at 95%). Shaded bands show cosmogenic
flux predictions from UHECR interactions with galactic matter (gray), background radiation fields (violet,

green, orange), and hot gas in the galactic halo (blue).
predictions (more details in [5]).
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Figure 6: Left: Three classes of gravitational wave sources in the photon follow-up search, defined by their
50% localization region (£2s0q,) and luminosity distance (D). Circled markers indicate events overlapping
with the SD field of view. Right: Upper limits on the spectral fluence of UHE photons at Earth for each
source; error bars include directional uncertainty (blue) and spectral index uncertainty (red). For the second
event, error bars exceed the plot range due to its position near the SD field of view edge [8].
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and air showers initiated by hadronic cosmic rays create a substantial background that complicates
unambiguous photon identification. Photon candidate events are selected using standard criteria [3]
applied to SD-1500 data. To maximize sensitivity to transient photon sources while suppressing
background, a dedicated selection strategy has been developed for gravitational wave follow-up. This
strategy accepts only GW events that are either nearby or well-localized on the sky. Three classes
of acceptable GW events are defined in the plane of 50% sky localization region versus luminosity
distance. Nearby sources are most likely to produce detectable UHE photons, but the detection
of photons from distant, well-localized events could indicate physics beyond the Standard Model.
From the GWTC-1 and GWTC-2 catalogs, 10 gravitational wave events—including GW170817,
associated with a neutron star merger and a coincident short gamma-ray burst were selected for
targeted photon searches. The analysis covered a time window of one sidereal day following each
GW event. No photon candidate events were detected. A similar search strategy was applied to
investigate potential UHE photon emission associated with other transient sources, such as the blazar
TXS 0506+056. No photon candidates were observed during either of the two periods of enhanced
neutrino activity reported by IceCube: October 2014—February 2015 and March—September 2017.
At gigaparsec distances, the non-detection of UHE photons is consistent with expectations based
on standard photon propagation models. The observation of such photons would likely require new
physics, such as reduced photon attenuation in the extragalactic medium.

6. Conclusions

The Pierre Auger Observatory provides unmatched exposure to ultra-high energy (UHE) cosmic
rays, photons. It has set the most stringent upper limits on diffuse UHE photon fluxes and performed
targeted searches in coincidence with gravitational waves and other transients, reinforcing its role
in multimessenger astronomy at the highest energies. The ongoing upgrade, AugerPrime, will
enhance these capabilities. Scintillator detectors are being added to each surface station to improve
shower component separation and composition sensitivity. The stations are also being equipped
with radio antennas, and upgraded electronics allow for improved timing and dynamic range. These
developments will strengthen the Observatory’s ability to detect or further constrain UHE photons.
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