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The observation of primary photons with energies around 10'¢ eV would be particularly interest-
ing after the discovery of Galactic gamma-ray sources with spectra extending into the PeV range.
Since photons are connected to the acceleration of charged particles, searches for photons enhance
the multi-messenger understanding of cosmic-ray sources as well as of transient astrophysical
phenomena, while offering wealthy connections to neutrino astronomy and dark matter. Addi-
tionally, diffuse photon fluxes are expected from cosmic-ray interactions with Galactic matter and
background radiation fields. Previously, the energy domain between 1 PeV and 200 PeV was only
explored from the Northern Hemisphere. The Pierre Auger Observatory is the largest astroparticle
experiment in operation and, thanks to its location, has a sizable exposure to the Southern sky,
including the Galactic center region. In this contribution, we present the first search for photons
from the Southern hemisphere between 50 and 200 PeV exploiting the Auger data acquired during
~ 4yr of operation. We describe the method to discriminate photons against the dominating
hadronic background; it is based on the measurements of air showers taken with the low-energy
extension of the Pierre Auger Observatory composed by 19 water-Cherenkov detectors spanning
~ 2 km? and an Underground Muon Detector. The search for a diffuse flux of photons is presented
and its results are interpreted according to theoretical model predictions. This study extends the

range of Auger photon searches to almost four decades in energy.
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1. Introduction

The origin of ultra-high-energy cosmic rays remains an open problem in astroparticle physics.
The cosmic-ray acceleration mechanisms can be probed through the detection of primary (astro-
physical) photons generated in the vicinity of the sources. Due to the interaction with background
radiation fields, primary photons with energies below 10'® eV can propagate through distances
smaller than a few Mpc. As a result, photons are excellent probes of Galactic steady sources and
transient phenomena. Recent observations have revealed the existence of primary photons up to a
few PeV originating from various Galactic sources [1]. However, the precise mechanisms leading
to the production of the precursor charged particles are still not fully understood due to the limited
exposure above a few PeV. In addition, diffuse cosmogenic photons can be produced during the
propagation of ultra-high-energy cosmic rays, either in interactions with Galactic matter [2] or with
the microwave background field [3, 4]. Finally, theoretical models describing the existence of dark
matter in the Galactic center predict a steady flux of primary photons above a few PeV from the
decay of such exotic particles over time [5].

The most stringent limits to the integral photon flux have been

established by the Pierre Auger Collaboration above 200 PeV [6].

Cosmic rays and photons initiate air showers that can be measured

O  winh arrays of ground detectors. The Pierre Auger is the largest
observatory in operation, comprised of several detection systems

0O ® aimed at extracting information of different particles composing

O the air-shower front [7]. In particular, its most dense surface de-

® tector array consisting of 19 water-Cherenkov detectors (WCDs)

@) arranged in a grid of seven regular hexagons with a distance of
433 m between the detectors (SD-433) [8], as depicted in Fig. 1.

Figure 1: A schematic view of The SD-433 can be employed to reconstruct the characteristics of

the SD-433 array. Filledblue po-  the primary particle above a few tens of PeV. Alongside 11 of the
sitions are equipped with buried
muon detectors. Only events ac-
quired by the three highlighted
hexagons are considered for the

photon search presented here
(see Sec. 2). in nature, they contain fewer secondary muons compared to their

WCDs, buried scintillation modules compose part of the Under-
ground Muon Detector (UMD) which can be used to measure the
number of high-energy muons arriving at the ground [9]. Since
air showers initiated by photons are almost purely electromagnetic

hadronic counterparts. Therefore, the measured number of muons
can be exploited to discriminate primary photons from the cosmic-ray background.

At energies between a few PeV and 200 PeV, upper limits to the integral photon flux exist
only from Observatories located in the Northern hemisphere [10], from where the location of the
Galactic plane and center is restricted. Considering the variety of open problems that can be tackled
by the observation of primary photons above a few PeV, we present the first photon search from the
Southern hemisphere in the energy range between 50 and 200 PeV with the data from the Pierre
Auger Observatory. In Sec. 2, we describe the data selection criteria, while the discrimination
method is assessed with simulations in Sec. 3. The method is applied to the search data-set in Sec.
4 before computing the upper limits to the integral photon flux.
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2. Data selection

To ensure the selection of high-quality data, the stability of the data acquisition of both the
WCDs and the UMD modules is evaluated to identify optimal operational periods. Then the overall
exposure is determined by integrating the acceptance of each SD-433 hexagon throughout the entire
observation period, as defined in Eq. 1. Each factor is described in the following paragraphs.

€ = Z [A(t)COSQ'uumd(t) dfx‘/Ey/QTeff(EV’e)deE?’ M

hexagons

The operational status of the SD-433 stations is monitored on a 1-second basis to classify
them as either on’ or ’off’. Additionally, technical issues impeding the normal data transfer were
identified affecting eight out of the 19 SD stations during sixteen periods lasting between one day
to one week. These periods represent in total less than 1% of the operation time. During these
periods, the stations were considered as ’off’.

The effective area of a hexagon with a side length d = 433 m, A = V3/2 - d?, is added to the
exposure calculation when its central and either five or all six first-crown SD stations are identified
as ’on’. In the former case, the area needs to be adjusted by a geometrical factor of 1/3 to account
for the missing first-crown station.

The average event rate of the SD-433 during normal operation above an energy threshold of
10'6-7 ¢V is calculated as Fspasz = 125 week " hex~!. As the number of detected events follows
a Poissonian distribution, the identification of unstable periods in the data acquisition involves
searching for intervals between consecutive events acquired with Ny active hexagons larger than
Ina/(Fsp433 X Nnex) ~ 1 — 9 hours, where a = 1072 is a model parameter characterizing the
departure from the Poissonian distribution. Applying this selection criterion results in the exclusion
of around 37 weeks out of the 221—week span covered by the initial data-set period between January
1, 2018, and March 31, 2022.

Each UMD station is composed of three 10 m? modules. The module trigger rate under normal
operation is estimated to be Fump = 106 week ! hex~!. Similar to the WCDs, unstable periods for
each UMD module are identified by analyzing the time intervals between consecutive appearances
in the data. If the interval exceeds ~ 1 — 7 hours, depending on the number of active SD-433
hexagons, it is considered an unstable period in which the module is manually tagged as ’oft”. The
frequency of such unstable periods varies across the UMD modules, representing between 16% and
19% of the net time after applying the SD-433 selection cut described earlier.

To have sufficient sampling of the muon footprint leading to a suitable discrimination power
(see Sec. 3), a hexagon is required to possess a central UMD station with all three modules tagged
as ’on’ and at least 80 m” tagged as ’on’ in the first-crown of UMD stations. This requirement is
checked in terms of the time by the step function uymp (¢). Therefore, events acquired by only three
of the deployed hexagons (highlighted in Fig. 1) are employed for this work.

The array trigger efficiency, g, for air-showers initiated by primary photons is parameterized
using simulated events. The air-shower library is composed of about 15, 000 primary photons and
15,000 primary protons with energies between 10'® — 10'7-3 ¢V using EPOS-LHC as the hadronic
interaction model. Each shower was reused ten times to simulate the response of the SD-433 and
UMD stations with the Auger Offline framework [11]. The trigger efficiency for various zenith
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angle ranges is presented in Fig. 2. The energy-integrated trigger efficiency, weighted by a spectrum
E, 3, is convolved with the aforementioned contributions to adjust the exposure, as shown in Eq. 1.
This correction is approximately 12% (less than 2%) above E, = 10167V (10'7 eV). To ensure a
good trigger efficiency, the data-set above E, = 10167 eV (refer to Sec. 3 for the definition of E,)
and up to a zenith angle of 52 ° is used in this study.

The selected data-set begins on December

17,2020, when the central UMD stations of the

> 1=

§ ] three hexagons were deployed and operational.

£ 08 It extends until March 31, 2022, resulting in

% 06 1 15,919 recorded events during ~15.5 months.

z : The accumulated exposure in the full-trigger-

g 04 B efficiency regime is €, = 0.629 km? sryr.
«8°=0-23 -

0.2 +8/°=23-34
: o234 3. Event-based muon estimate with M),

Y6 165 164 166 168 17 172 174
log, (E /eV) The number of muons detected at ground
level serves as a well-established observable for

Figure 2: The trigger efficiency as a function of the identifying air showers characterized by a dom-
simulated energy for photon primaries and different

zenith angle intervals. Solid lines correspond to fitted
sigmoid functions.

inant electromagnetic development. The high-
energy muon footprint is directly measured by
the UMD stations. An example of an acquired
event is illustrated in Fig. 3 (left). We define the event-based observable M}, using the measured
muon density pL at a distance r; from the shower axis [12]:

p;; ri b
My =1 = x (500—) 2

The choice of b = 1 has been found to provide the best separation power between photons

and protons at tens of PeV. The discrimination observable M, is characterized with the simulated
events described before. A reference distance of 200 m is chosen based on the fluctuations in the
number of muons. These relative fluctuations exhibit a minimum plateau between 50 and 300 m
in the energy range relevant to this work. Beyond this range, the uncertainties increase rapidly
due to the inherent Poissonian fluctuations associated with the decreasing number of muons. The
normalization factor pfl is defined as the average muon density at 200 m from the shower axis in
simulated proton events. This quantity is parameterized using an unbinned maximum likelihood
approach, as illustrated in Fig. 3 (right). The likelihood model accounts for the zenith-dependent
atmospheric attenuation of the muon component. As a result, events from hadronic origin would
typically yield positive values of M}, while events with photon origin exhibit negative values (Fig.
4, left).

The energy reconstruction method optimized for hadronic showers tends to underestimate the
energy in the case of photon primaries due to their delayed shower development and the lack of
a significant muon component. Still, a single energy scale needs to be employed for all events,
irrespective of the primary particle species. As a solution, a photon energy scale is customized. It
consists of an attenuation function, fy, parameterized using simulated proton events, and an energy



Photon search at 50 PeV with Auger Nicolas Gonzalez

(\-l—vlozé‘uuHHHHHHHHHHHH‘HE ‘\I‘/-\O.GHH\HH‘HH‘HH
'c E q € [ MC protons, 8 < 23°
_.1 C — o.\o-::. O-4f
Q I 7 N rC
10 = @3 0.2
£ e ERRs L i
r . ] ) E
1= = 0.2 .
E + ¢ 3 J
F t +'|' ] -0. -
107t + f? -0.6 -
F 3 —0.8L [ - Single events ]
L ] : | | | | | "A\verage\ i
2Ll b b b b b e b R | S T TS ST SRS S T S S S T S A S
107 100500 800 400 500 600 700 800 157 168 169 17 171 172 173 174 175
Distance to axis [m] log, (E /eV)

Figure 3: Left: The lateral distribution of muons as measured by the UMD stations in terms of the
distance to the shower axis for a measured event of 6 = 7.7 + 0.4° and a reconstructed hadronic energy
of E = (2.54 £ 0.09) x 10'7eV. Right: The simulated muon density at 200 m from the shower axis for
proton-initiated showers of zenith angle # < 23 ° as a function of the reconstructed energy.

calibration specific to photon events, represented by the parameters Ey and @. Given the signal
obtained from the WCDs at 250 m from the shower axis, S350, and the reconstructed zenith angle 6,
the photon energy scale is defined as:

S50 = fuu (0 Ev\* 3
250—fan()><(E—0) (3)

The energy bias for proton events with respect to a dedicated energy calibration finely tuned
with simulations is +8%, accounting for the employed energy parameters Ep and @ in Eq. 3. In
the case of data, the energy bias with respect to the calorimetric energy scale extrapolated from
fluorescence measurements above 100 PeV [8] is +33%. Within a given E, bin, photon events are
mixed with proton events having lower energies. This ensures that the discrimination method is
tuned within a conservative scenario, where the risk of misidentifying simulated proton as photon
events is minimized.

In Fig. 4 (left), the simulated distributions of photon and proton events within the energy range
16.7 < log;o(E,/eV) < 16.9 are displayed. A minor population of photon showers with a hadronic-
like muon content is seen, corresponding to a leading 7* at the early stages of development. The
discrimination power of the method is evaluated based on the background contamination, which
refers to the presence of background events below the photon candidate cut. The photon candidate
cut is determined as the median of the M, distribution for simulated photon events.

To estimate the contamination, the 10% most photon-like background events are fitted with an
unbinned maximum likelihood procedure assuming an exponential model. The contamination is
then determined by calculating the fraction of the fitted tail to the left of the candidate cut. This
fraction, as depicted in Fig. 4 (right), for the north-west hexagon, is found to be less than 107>
when considering a pure proton background and 50% signal efficiency as reference.

It is worth noting that M), scales by definition with the number of available UMD stations.
Moreover, the background contamination tends to increase when two neighboring first-crown UMD
stations are missing in an event. This can occur due to the absence of deployed UMD stations or
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Figure 4: Left: The Mj-; distributions for photon- and proton-initiated events for energies 16.7 <
log;o(Ey/eV) < 16.9 and 6 < 52°. Right: The background contamination at a fixed 50% signal effi-
ciency in terms of the photon energy E,.

technical issues with either the WCD or the UMD station itself. Consequently, the background
contamination profile and the photon candidate cut are deduced for each possible combination of
the number of first-crown UMD stations and their relative positions.

4. Application of the method to the data

The background contamination profiles (Fig. 4, right), are parameterized as a function of the
photon energy. This allows for the assignment of a probability to each hadronic event, indicating
the likelihood of it being misidentified as a photon candidate under the conservative assumption of
a pure-proton background. By estimating the expected number of background events incorrectly
labeled as photon candidates, it becomes possible to anticipate the presence of such events before
unblinding the complete search data-set.

The maximum expected number of fake photon events for the fully-operational north-west
hexagon is depicted in Fig. 5 (left). The number of fake photon events above 10'67 eV in the
corresponding sub-set comprised by 3295 events is (4.04 + 0.04) x 1073, This is translated to an
average occurrence of one fake photon event approximately every 815,650 events. Considering
that this hexagon was fully-operational during ~10 months of the observation time, one fake photon
is expected every 106 years of operation with ideal uptime.

Given the low probability of observing an event consistent with the photon hypothesis, ~10%
of the selected data for each hexagon is burnt to check the M}, distributions: in Fig. 5 (right), the
energy-integrated distributions of simulated events, weighted by E, 2, are displayed alongside the
burnt M}, distribution without any energy-weighting for the fully-operative north-west hexagon.

The remaining ~90% of the data are unblinded and the M}, distributions are compared to the
photon candidate cut. No photon candidates are identified. As a result, upper limits to the integral
photon flux are computed using the Feldman-Cousins approach [13] at 95% confidence level as
12.04, 11.02, 10.67 and 10.61 km™2 st~ ! yr™! above threshold energies of 50, 80, 120 and 200 PeV.

Possible systematic effects that could influence the upper limits have been carefully studied.
These include variations in the muon counting strategy used to convert digital traces to the number
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Figure 5: Left: The integral number of events and the estimated number of events coming from the expected
background contamination in terms of the minimum energy. Right: The M;-; distributions for simulated
proton and photon events weighted by E~2 for energies above E, = 10'%7eV. Black markers represent
the burnt data composed of 329 events. In both panels, events acquired with the fully-operative northwest
hexagon are considered.

of muons in the UMD stations, uncertainties in the soil shielding arising from the varying soil
density in the Auger site, and uncertainties from the available hadronic models. In the most extreme
case, the values of p, in the data may be decreased by up to 13%. However, even with this
significant decrease, no events fall below the photon candidate cut. Regarding the exposure, the
relative uncertainty of the event rate, the inherent energy bias in data when using the photonic
energy scale, and a change in the photon spectral index between y = —2 and y = —3 are translated
into a global systematic uncertainty of (—33.7%; +4.07%).

In Fig. 6, we present the upper limits on the integral photon flux obtained in this study
(represented by red markers), along with the limits previously reported by Auger and other exper-
iments [14]. Notably, the limits derived in this work are the most stringent in the energy range
between 50 and 200 PeV. In this way, the Auger photon search programme has been extended to
cover more than three decades in the cosmic-ray energy spectrum. Furthermore, the exposure accu-
mulated by Auger until 2035 would provide enough sensitivity (light red line) to put constraints in
the mass-lifetime phase-space for specific dark matter models (dashed lines), as well as to explore
the expected photon flux from pp interactions in the Galactic halo.

5. Conclusions

This study represents the first search for a diffuse flux of primary photons from the Southern
Hemisphere at energies between 50 and 200 PeV. Leveraging the densest surface array and the
underground muon detectors of the Pierre Auger Observatory, a high-quality data-set comprising
over 15,000 events above 50 PeV was analyzed. No event compatible with a photon origin was
observed in this data-set. Consequently, upper limits to the integral photon flux were established
above 50 to 200 PeV, with values ranging from 10.61 to 12.04km~2sr~! yr~!. These limits were
derived based on an exposure equivalent to approximately eight months of ideal operation. Finally,
the expected exposure accumulated until 2035 is anticipated to offer a significant opportunity to test
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Figure 6: The upper limits to the integral photon flux obtained in this work, as solid red markers, limits
obtained by Auger at higher energies [6], as solid black markers, compared to limits reported by other
experiments [14]. Bands correspond to the predicted cosmogenic photon fluxes [2—4, 15]. Dashed lines
correspond to super-heavy dark matter predictions: (decay into hadrons) Mx = 10'°GeV and a lifetime
7x = 3% 10?! yr [16] in blue; Mx = 10'2 GeV and a lifetime 7x = 10?3 yr [16] in brown; (decay into leptons)
Mx = 10'°GeV and a lifetime 7x = 3 x 10! yr [5] in purple. The light red line symbolizes the expected
sensitivity with the exposure accumulated until 2035.

the predicted photon flux from various models about super-heavy dark matter and pp interactions
in the Galactic halo in the tens of PeV energy range.
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