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The Pierre Auger Observatory, the largest air-shower experiment in the world designed to in-
vestigate ultra-high-energy (UHE, E > 10'7 eV) cosmic rays, offers unparalleled sensitivity to
UHE photons. These are expected from interactions of UHE cosmic rays with background radi-
ation fields, as well as from more exotic scenarios such as the decay of super-heavy dark matter
(SHDM) particles. They may also originate in the environment of cosmic-ray sources, making
their detection instrumental for multi-messenger studies of cosmic-ray acceleration and transient
astrophysical phenomena. In this contribution, we present the search for photons above 10167 eV
exploiting high-quality data from the Pierre Auger Observatory. These analyses yield the most
stringent upper limits to date on the diffuse flux of UHE photons, placing strong constraints on
astrophysical models and exotic scenarios such as SHDM decay. We also report on targeted
searches in coincidence with gravitational wave events detected by LIGO/Virgo, underscoring the
pivotal role of the Observatory in advancing multi-messenger astronomy at the highest energies.
Improved sensitivity is foreseen with the exploitation of the new data from the Pierre Auger Ob-
servatory upgrade, AugerPrime.
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1. Introduction

The origin and acceleration mechanisms of ultra-high-energy cosmic rays (UHECRs, E >
10! eV) remain among the fundamental open questions in astroparticle physics. A promising
way to address them is through the detection of photons produced as by-products in cosmic-
ray interactions, either close to their sources or during their propagation across the intergalactic
space [1]. As neutral messengers, photons are not deflected by magnetic fields and would therefore
point back to their production sites, providing valuable directional information about the underlying
accelerators.

At the sources, interactions of UHECRs with dense matter, radiation fields, or magnetic fields
can produce pions. While charged pions decay into neutrinos [3], neutral pions decay into photons.
Their observation would directly trace hadronic interactions in the vicinity of cosmic accelerators,
providing constraints on acceleration mechanisms [2]. Because photons with energies between 10
and 10'8 eV are attenuated by pair production on background radiation fields, their mean free path
is limited to a few Mpc. This makes them particularly well-suited to probe Galactic and nearby
extragalactic sources.

A diffuse flux of cosmogenic photons is also expected from UHECR interactions with the
cosmic microwave background (CMB) and the extragalactic background light (EBL) [4-6]. Lighter
nuclei, due to their larger interaction cross sections, generate a higher secondary photon yield than
heavier ones [7] with energies about one order of magnitude lower than the precursor particles.
Thus, cosmogenic photons are mainly produced by UHE protons, while a heavier UHECR compo-
sition, as currently inferred above 10'8-3 eV [8], would lead to a strongly suppressed photon flux.
Additional contributions to the diffuse photon flux are expected from interactions of UHECRs with
the interstellar gas in the Galactic disk [9]. This component depends on the cosmic-ray flux and
composition, the distribution of the gas in the Galactic disk, and the interaction cross-sections.

Beyond astrophysical sources, the detection of UHE photons would have profound implications
for fundamental physics. Their observation, or else limits to the diffuse or point-like sources,
constrain new phenomena such as Lorentz invariance violation [10] or axion—photon mixing [11].
UHE photon searches also constrain the properties of super-heavy dark matter (SHDM) predicted
in some inflationary cosmological models. For instance, the decay of SHDM particles in the
Galactic center could produce photons above 10'°eV [12]. Non-observation of an excess photon
flux translates into stringent lower bounds on SHDM lifetimes and masses [13].

The flux of UHE photons is expected to be between two and seven orders of magnitude
smaller than that of charged cosmic rays. Consequently, identifying them among the overwhelming
hadronic background requires highly sensitive detectors covering large instrumented areas. Both
cosmic rays and photons induce extensive air showers (EAS) in the atmosphere, but with distinctive
features: photon-induced showers develop almost purely electromagnetically, whereas hadron-
induced showers contain a substantial muonic component [14]. Because the radiation length in air
is over two orders of magnitude smaller than the mean free path for photo-nuclear interactions, only
a small fraction of a primary photon energy is transferred to the hadronic channel. As a result,
photon showers exhibit a reduced number of muons and reach their maximum development (Xax)
deeper in the atmosphere, ultimately leading to a steeper lateral spread of the shower front compared
to hadronic showers. These features form the basis for photon identification in data from the Pierre
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Auger Observatory.

The Pierre Auger Observatory [15], located in Argentina, combines multiple detection tech-
niques to characterize EAS: a surface detector (SD) array of 1,660 water-Cherenkov detectors
deployed over three triangular grids with spacings of 1500 m (SD-1500), 750 m (SD-750), and
433 m (SD-433), covering a total area of about 3000 km?; a fluorescence detector (FD) of 27
telescopes across four sites that observe the longitudinal development of air showers during clear,
moonless nights; and an underground muon detector (UMD) that measures the high-energy muonic
component of the shower front in the SD-750 and SD-433 regions [16]. This multi-hybrid approach
yields an unprecedented exposure to photons above 5 x 10'°eV [17].

In this contribution, we summarize the latest searches for UHE photons conducted with the
Pierre Auger Observatory. We present the most recent upper limits on the diffuse photon flux above
5 x 10'%eV in Section 2, and discuss the sensitivity to steady and transient sources in Section 3,
before concluding in Section 4.

2. Diffuse flux searches

The complementary detection techniques of the Pierre Auger Observatory allow for the mea-
surement of several observables sensitive to the distinctive features of photon-initiated air showers.
These observables are combined into a single discriminating variable through multivariate analysis
techniques. Since no UHE photons have been detected so far, the expected distribution of the
discriminator for photon events is derived from dedicated detector simulations [18]. An event
is classified as a “photon candidate” if its discriminator value exceeds the photon candidate cut,
defined as the median of the simulated photon distribution. By construction, this choice sets the
photon detection efficiency to 50%. The corresponding background contamination is then given by
the fraction of hadron-initiated events that would be misidentified as photon candidates in the data.

Four discrimination analyses, each optimized for a specific energy range, are applied to the
measured data to search for unresolved, direction-independent photon fluxes, as described in the
following.

2.1 Photon-hadron discrimination methods

The SD-433 is employed to UHECRs above 5 x 10'® eV [19], providing information on the
primary energy and shower geometry. The photon-hadron discrimination in this regime relies on
the measurement of the muonic component of the air showers by the UMD [20]. For each detected
air shower, the muon densities measured at various distances from the shower axis are combined
into a discrimination observable. The expected background contamination ranges between 10~%
to 107, assuming a pure-proton background, i.e., a conservative estimate given the likely mixed
composition in data [21] and the known muon deficit in air-shower simulations [22]. Applying
the photon candidate cut to ~15 months of data, corresponding to an exposure of ~0.6km? sryr,
yielded no photon candidate events.

The hybrid data recorded jointly by the SD-750 and the FD are used to discriminate a photon
signal among the hadronic background above 2 x 10'7 eV [23]. In this analysis, the direct measure-
ment of Xiax is complemented by the convolution of the SD signals recorded for each event [24], and
the number of triggered stations per event. To combine the observables, a method based on boosted
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decision trees was trained using simulated proton events as background. Although a background
contamination of two events was expected, no photon candidate events were found in the searched
data set, which spans 5.5 yr and corresponds to an exposure of ~2.5km? sryr.

At energies above 10'8 eV, the observables used for the photon-hadron discrimination are Xpax
and F,, a proxy for the muon content derived from the signals acquired by stations of the SD-
1500 [25]. The latter is obtained for each hybrid event by decomposing the measured signals into
electromagnetic and muonic components within the air-shower universality framework [26]. These
two observables are combined using a Fisher discriminant. In the data set collected over 12 yr,
corresponding to an exposure of ~1000 km? sryr, 22 photon candidate events were identified [27].
The expected background contamination, estimated through a data-driven approach, predicted was
30 + 15 false-positive events, in good agreement with the observed number of candidate events.

The search for UHE photons above 10'° eV is performed using data recorded by the SD-
1500. The discrimination strategy relies on two observables quantifying their deviations from
the average expectation: one characterizing the steepness of the lateral spread of SD signals, and
another quantifying the signal risetime [28]. This method is therefore independent of assump-
tions on the cosmic-ray composition. Also in this case, the two observables are combined using
a Fisher discriminant. The data set analyzed, collected over 16 yr and corresponding to an expo-
sure of ~17,000 km? sryr, yielded 17 candidate events, a number consistent with the background
contamination estimated from an independent data subset.

2.2 Upper limits to the diffuse photon flux

From the absence of photon events in the data collected by the Pierre Auger Observatory, upper
limits on the integral photon flux have been derived, as illustrated in Figure 1. These limits are
the most stringent across four decades in energy above 5 x 10'®eV. The cosmogenic fluxes from
UHECR propagation, represented by the colored bands, are within reach above 10'8 eV. In contrast,
the component due to the interaction of UHECRs with the Galactic disk matter, potentially dominant
below 10'7 eV, remains about two orders of magnitude below the current sensitivity. The constant
increase in exposure over time, to which the limits scale inversely, together with the implementation
of advanced deep-learning techniques [29], and substantial detector enhancements conforming the
AugerPrime upgrade [30], will play a crucial role in improving sensitivity to probe the photon flux
from SHDM (dashed grey and purple lines), thus constraining the phase space of particle mass,
lifetime and decay channels [31].

By definition, searches for diffuse photon fluxes are integrated over the entire sky and over
the full observation time. Enhanced sensitivity can be achieved by focusing on specific sky
directions associated with known gamma-ray sources or by performing time-correlated searches
with significant astrophysical transients, as discussed in the following section.

3. Directional searches

The hybrid detection capabilities of the Pierre Auger Observatory, providing an angular resolu-
tion of ~ 0.7 ° above 2 x 10!7 eV, enable searches for point-like sources of UHE photons. Given the
attenuation of photons with background fields, as discussed in Section 1, these searches are most
sensitive to sources within a few Mpc. Potential targets include both Galactic objects and nearby
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Figure 1: The current upper limits on the integral photon flux established by the four diffuse searches
described in this article (solid markers). Results from other experiments are shown as open markers. The
filled bands represent the range of predicted cosmogenic photon fluxes for different cosmic-ray composition
scenarios. Dashed lines correspond to flux predictions from SHDM models under various theoretical
assumptions [32].

extragalactic ones, such as the powerful gamma-ray emitters in the Large Magellanic Cloud and the
core region of Centaurus A [33].

3.1 Steady point-like sources

A blind search was conducted to identify possible excesses of photon-like events from any
direction in the sky [34]. The selected data set was acquired with the SD-1500 and the FD in
the energy range between 2 x 10!7 eV and 3 x 10'8 eV, collected from January 2005 to Septem-
ber 2011. The photon-hadron discrimination was achieved with a BDT method trained on five
composition-sensitive observables. The photon selection threshold was optimized for each sky di-
rection individually, based on the expected number of background events estimated via a scrambling
technique. Averaged over all target directions, the signal efficiency was 81.4% with a background
contamination of 4.8%. No statistically significant excess was found, and upper limits on the
directional photon flux were established, as shown in Figure 2, left.

To mitigate the statistical penalty associated with an all-sky search, 364 catalogued candidate
sources were grouped into 12 classes [33]. This targeted analysis followed the same methodology
as the blind search, but with a larger dataset spanning from January 2005 to December 2013. No
statistically significant photon excess was found in any of the source classes, and upper limits were
derived for each. Of particular interest is the Galactic center, for which the H.E.S.S. Collaboration
measured a gamma-ray flux extending up to about 5 x 10'3 eV [35] with evidence of a steepening
around 1 — 8 x 103 eV [36, 37]. The upper limits obtained by Auger, shown by the green line in
Figure 2, right, constrain the continuation of such fluxes to UHEs, introducing an upper limit of
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Figure 2: Left: The upper limits to the photon flux at 95% confidence level in Galactic coordinates from
the blind all-sky search [34]. Right: The upper limits on the photon flux from the Galactic center derived
from Auger data (green line) [33], shown together with the gamma-ray spectrum measured by the H.E.S.S.
collaboration (red markers) [35]. The H.E.S.S. flux is extrapolated to UHEs with and without an exponential
cutoff (dashed lines), given the reported spectral index and its uncertainties (blue-shaded region).

the cutoff energy at 2 x 10'8 eV. The improved sensitivity provided by the AugerPrime upgrade will
enable refined studies of the gamma-ray emission from the Galactic center in the UHE regime.

3.2 Transient sources

While steady-source searches provide time-integrated constraints, transient phenomena offer
unique opportunities, as they are often associated with high-energy astrophysical events that may
escape detection in steady searches. In this context, the Pierre Auger Collaboration contributes to
the global multi-messenger effort by performing follow-up searches for UHE photons in temporal
and directional coincidence with gravitational wave (GW) events [38].

To maintain a high sensitivity to a potential photon signal from transient sources, a dedicated
GW selection strategy has been developed. Four classes of GW events, shown in Figure 3, left, are
defined in the parameter space of the 50%-sky localization region, 2509, and luminosity distance,
D1.. Nearby sources, within approximately 180 Mpc (classes III and IV), are the most promising for
yielding a detectable UHE photon flux, accounting for the interactions with background radiation
fields. On the contrary, the detection of a photon in coincidence with a well-localized but distant
GW event (classes I and II) would point to physics beyond the standard model, as the universe is
otherwise opaque to UHE photons over cosmological distances.

According to these criteria, 23 GW events from the three LIGO/Virgo catalogs qualified for
follow-up. Among them, ten events had at least a partial overlap with the field of view of the
SD-1500 during either of two time windows: +500s around the GW detection time and +1 day
following it. For each GW, the photon-hadron discrimination method developed for the SD-1500
(see section 2) was applied to events with energies above 10! eV and zenith angles 6 € [30°, 60°]
within each time window.

No photon candidate events were identified in coincidence with any of the ten GW events.
Consequently, upper limits on the UHE photon emission from GW sources were established for the
first time [38], in particular for seven of them in a 1-day time window, as shown in Figure 3, right.
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Figure 3: Left: The three classes of GW sources selected for the UHE photon follow-up, defined by their
50%-localization region, €2sgq,, and luminosity distance, Dy (figure adapted from [38]). Right: Upper limits
on the spectral fluence of UHE photons from the selected GW sources during one sidereal day after the
GW detection [38]. The empty blue and shaded red bars indicate variations due to the source directional
uncertainty and assumed spectral index (ranging from —2.3 and —1.7), respectively.

Among these, the binary neutron star merger event GW 170817 [39], symbolized by the green data
point in the bottom left corner in Figure 3, left, represents a notable case. Owing to its proximity,
the derived upper limit on the flux of UHE photons above 4 x 10'° eV translates into an upper bound
of 20% on the fraction of the GW energy converted into UHE photons.

4. Summary and outlook

The Pierre Auger Observatory has achieved an unrivalled exposure to UHE photons above
5 x 10'% eV, establishing the most stringent upper limits on the diffuse photon flux across four
decades in energy. These limits can be used to constrain models of SHDM decay and provide
valuable insights into the composition and acceleration mechanisms of cosmic rays.

Regarding directional searches, data acquired with the SD-1500 have been used to study
steady point-like sources with nearly full-sky coverage. No significant excess above background
expectations has been observed, leading to upper limits on the flux from individual directions.
For the particular case of the Galactic center, these limits constrain the extrapolation of measured
TeV gamma-ray flux to the UHE domain. Possible emissions of UHE photons from GW sources
have also been investigated. The absence of coincident photon candidate events has enabled the
derivation of the first upper limits on the flux of photons from GW sources. In particular, the limit set
on the binary neutron star merger GW170817 adds one further piece to the overall multi-messenger
puzzle by bounding the electromagnetic outflow from the source in the UHE regime.

The Pierre Auger Observatory has been upgraded to enhance the air-shower component sep-
aration. The upgrade includes the installation of plastic scintillation detectors on top of each SD
station, faster readout electronics, and an extended dynamic range of the WCD to measure high
particle densities near the shower core. Furthermore, radio antennas are being installed next to each
SD station to improve the reconstruction of inclined air showers, while the SD-750 and SD-433
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are being equipped with an extended deployment of UMD stations. With its enhanced detection
capabilities and multi-hybrid air-shower detection, the Pierre Auger Observatory is entering a new
phase in which the discovery of UHE photons, long sought as the smoking gun of the most extreme

astrophysical accelerators, appears within reach.
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