Fermilab

Search for a diffuse flux of photons with energies above
tens of PeV at the Pierre Auger Observatory

FERMILAB-PUB-25-0715

arXiv:2502.02381

This manuscript has been authored by Fermi Forward Discovery Group, LLC
under Contract No. 89243024CSC000002 with the U.S. Department of Energy,
Office of Science, Office of High Energy Physics.



arXiv:2502.02381v2 [astro-ph.HE] 17 Mar 2025

PREPARED FOR SUBMISSION TO JCAP

Search for a diffuse flux of photons
with energies above tens of PeV at
the Pierre Auger Observatory

A. Abdul Halim," P. Abreu,”” M. Aglietta,’*’! I. Allekotte,!

K. Almeida Cheminant,”®”” A. Almela,”!? R. Aloisio,**

J. Alvarez-Muiiiz,’ A. Ambrosone,** J. Ammerman Yebra,”®
G.A. Anastasi,””“® L. Anchordoqui,®® B. Andrada,” L. Andrade
Dourado,*** S. Andringa,” L. Apollonio,”®* C. Aramo,*

E. Arnone,®??! J.C. Arteaga Velazquez,% P. Assis,”” G. Avila,!!
E. Avocone,’®* A. Bakalova,®' F. Barbato,** A. Bartz
Mocellin,?? J.A. Bellido,'? C. Berat,*®> M.E. Bertaina,%%"!

M. Bianciotto,?°! P.L. Biermann,® V. Binet,” K. Bismark,3%’
T. Bister,””™ J. Biteau,?%" J. Blazek,?! J. Bliimer,*

M. Bohacova,?' D. Boncioli,’®* C. Bonifazi,® L. Bonneau
Arbeletche,?? N. Borodai,®® J. Brack,’ P.G. Brichetto Orchera,’
F.L. Briechle,* A. Bueno,” S. Buitink,!> M. Buscemi,:*7

M. Biisken,?®” A. Bwembya,”""® K.S. Caballero-Mora,®%

S. Cabana-Freire,” L. Caccianiga,”®* F. Campuzano,®

J. Caraca-Valente,® R. Caruso,’”* A. Castellina,’"!

F. Catalani,’® G. Cataldi,*” L. Cazon,” M. Cerda,

B. Cermakova,* A. Cermenati,*** J.A. Chinellato,??

J. Chudoba,?' L. Chytka,*> R.W. Clay,'* A.C. Cobos Cerutti,°
R. Colalillo,””* R. Conceicdo,” G. Consolati,*®** M. Conte,’>*’
F. Convenga,’* D. Correia dos Santos,?” P.J. Costa,™

C.E. Covault,® M. Cristinziani,* C.S. Cruz Sanchez,?

S. Dasso,*? K. Daumiller,*’ B.R. Dawson,? R.M. de Almeida,*’
E.-T. de Boone,* B. de Errico,?” J. de Jesas,”*? S.J. de
Jong,”""™® J.R.T. de Mello Neto,?” I. De Mitri,** J. de
Oliveira,'® D. de Oliveira Franco,*? F. de Palma,”®*" V. de
Souza,” E. De Vito,”>*" A. Del Popolo,”” %% O. Deligny,>

N. Denner,?' L. Deval,*” A. di Matteo,”’ C. Dobrigkeit,?

J.C. D'Olivo,%” L.M. Domingues Mendes,'%™ Q. Dorosti,*3



J.C. dos Anjos,'® R.C. dos Anjos,?® J. Ebr,?! F. Ellwanger,
M. Emam,”""® R. Engel,?** |. Epicoco,’>*" M. Erdmann,*!

A. Etchegoyen,”'? C. Evoli,*** H. Falcke,”"™™ G. Farrar,®
A.C. Fauth,? T. Fehler,*® F. Feldbusch,*® A. Fernandes,™

B. Fick,* J.M. Figueira,7 P. Filip,?®*" A. Filipci¢,™™

T. Fitoussi,* B. Flaggs,®” T. Fodran,”” M. Freitas,”” T. Fujii,?"
A. Fuster,”!2 C. Galea,”” B. Garcia,’ C. Gaudu,?*” P.L. Ghia,*
U. Giaccari,*” F. Gobbi,!° F. Gollan,” G. Golup,! M. Gémez
Berisso,! P.F. Gémez Vitale,!! J.P. Gongora,'! J.M. Gonzalez,!
N. Gonzalez,” D. Géra,”® A. Gorgi,”®°! M. Gottowik,*

F. Guarino,’”* G.P. Guedes,?? E. Guido,* L. Giilzow,*

S. Hahn,?® P. Hamal,?! M.R. Hampel,” P. Hansen,?

V.M. Harvey,'? A. Haungs,*’ T. Hebbeker,*' C. Hojvat,?

J.R. Hérandel,”""™® P. Horvath,*> M. Hrabovsky,*> T. Huege,"!°
A. Insolia,”"*® P.G. Isar,” P. Janecek,?' V. lJilek,3!

K.-H. Kampert,’” B. Keilhauer,*’ A. Khakurdikar,”

V.V. Kizakke Covilakam,”* H.O. Klages,* M. Kleifges,?’

J. Kohler,* F. Krieger,*! M. Kubatova,*' N. Kunka,*

B.L. Lago,!” N. Langner,*' M.A. Leigui de Oliveira,?

Y. Lema-Capeans,™ A. Letessier-Selvon,?* I. Lhenry-Yvon,?

L. Lopes,” J.P. Lundquist,” A. Machado Payeras,?

M. Mallamaci,®*6 D. Mandat,?' B.C. Manning,'® P. Mantsch,’
F.M. Mariani,”®*® A.G. Mariazzi,? I.C. Maris,'* G. Marsella,®:46
D. Martello,’>*" S. Martinelli,*” M.A. Martins,”®

H.-J. Mathes,* J. Matthews,? G. Matthiae,’'”" E. Mayotte,®
S. Mayotte,?? P.O. Mazur,” G. Medina-Tanco,%” J. Meinert,?’
D. Melo,” A. Menshikov,* C. Merx,* S. Michal,?!

M.l. Micheletti,” L. Miramonti,’®* M. Mogarkar,®

S. Mollerach,! F. Montanet,** L. Morejon,?” K. Mulrey,”""®

R. Mussa,’”’ W.M. Namasaka,?” S. Negi,’! L. Nellen,%

K. Nguyen,*® G. Nicora,” M. Niechciol,*> D. Nitz,** D. Nosek,’
A. Novikov,?” V. Novotny,*’ L. Nozka,* A. Nucita,”*"

L.A. Nadez,? J. Ochoa,” C. Oliveira,? L. Ostman,3!

M. Palatka,?' J. Pallotta,” S. Panja,*! G. Parente,™

T. Paulsen,?” J. Pawlowsky,>” M. Pech,?' J. Pekala,®®

R. Pelayo,* V. Pelgrims,'* L.A.S. Pereira,** E.E. Pereira
Martins,?®” C. Pérez Bertolli,”* L. Perrone,”*” S. Petrera,***
C. Petrucci,’”® T. Pierog,*” M. Pimenta,”” M. Platino,”’

B. Pont,”” M. Pourmohammad Shahvar,5%6 P. Privitera,%6



M. Prouza,’! K. Pytel,* S. Querchfeld,?” J. Rautenberg,’’

D. Ravignani,” J.V. Reginatto Akim,?? A. Reuzki,*' J. Ridky,3!
F. Riehn,’®/ M. Risse,* V. Rizi,’®* E. Rodriguez,”*’

G. Rodriguez Fernandez,” J. Rodriguez Rojo,!! S. Rossoni,*
M. Roth,*® E. Roulet,! A.C. Rovero,* A. Saftoiu,”’ M. Saharan,”
F. Salamida,’®* H. Salazar,’ G. Salina,”® P. Sampathkumar,*
N. San Martin,?? J.D. Sanabria Gomez,? F. Sanchez,’

E.M. Santos,?! E. Santos,?' F. Sarazin,?> R. Sarmento,”

R. Sato,!! P. Savina,*** V. Scherini,”®*" H. Schieler,*

M. Schimassek,?* M. Schimp,?” D. Schmidt,*’ O. Scholten,'?
H. Schoorlemmer,””" P. Schovanek,?! F.G. Schroder,8"4°

J. Schulte,** T. Schulz,*>" S.J. Sciutto,?> M. Scornavacche,”*’
A. Sedoski,” A. Segreto,’>* S, Sehgal,?” S.U. Shivashankara,™
G. Sigl,? K. Simkova,'> F. Simon,* R. Smida,* P. Sommers,*
R. Squartini,'* M. Stadelmaier,**% S, Stanic,” J. Stasielak,®
P. Stassi,* S. Strdhnz,?® M. Straub,*' T. Suomijirvi,3°

.D. Supanitsky,” Z. Svozilikova,*' Z. Szadkowski,% F. Tairli,!?
. Tapia,?® C. Taricco,’>°! C. Timmermans,’®”” O. Tkachenko,?
. Tobiska,?! C.J. Todero Peixoto,' B. Tomé,” A. Travaini,!?

. Travnicek,?® M. Tueros,?> M. Unger,*’ R. Uzeiroska,?’

. Vaclavek,?> M. Vacula,?? I. Vaiman,*% J.F. Valdés Galicia,’”
. Valore,””* E. Varela,% V. Vasickova,’” A. Vasquez-Ramirez,?
D. Veberic,” 1.D. Vergara Quispe,® S. Verpoest,®” V. Verzi,”

J. Vicha,?' J. Vink,** S. Vorobiov,” J.B. Vuta,*' C. Watanabe,?’
A.A. Watson,® A. Weindl,** M. Weitz,?” L. Wiencke,?

H. Wilczynski,® D. Wittkowski,?” B. Wundheiler,” B. Yue,?’

A. Yushkov,?! E. Zas,”® D. Zavrtanik,”™ and M. Zavrtanik™"

!Centro Atémico Bariloche and Instituto Balseiro (CNEA-UNCuyo-CONICET), San Carlos
de Bariloche, Argentina

2Departamento de Fisica and Departamento de Ciencias de la Atmésfera y los Océanos,
FCEyN, Universidad de Buenos Aires and CONICET, Buenos Aires, Argentina

3IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina

4Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA), Buenos Aires, Ar-
gentina

°Instituto de Fisica de Rosario (IFIR) — CONICET/U.N.R. and Facultad de Ciencias Bio-
quimicas y Farmacéuticas U.N.R., Rosario, Argentina

OInstituto de Tecnologias en Deteccién y Astroparticulas (CNEA, CONICET, UNSAM),
and Universidad Tecnologica Nacional — Facultad Regional Mendoza (CONICET/CNEA),
Mendoza, Argentina

"Instituto de Tecnologias en Deteccion y Astroparticulas (CNEA, CONICET, UNSAM),
Buenos Aires, Argentina

> >

U0



8International Center of Advanced Studies and Instituto de Ciencias Fisicas, ECyT-UNSAM
and CONICET, Campus Miguelete — San Martin, Buenos Aires, Argentina

9Laboratorio Atmoésfera — Departamento de Investigaciones en Léseres y sus Aplicaciones —
UNIDEF (CITEDEF-CONICET), Argentina

100bservatorio Pierre Auger, Malargiie, Argentina

" Observatorio Pierre Auger and Comisién Nacional de Energia Atémica, Malargiie, Argentina

12Universidad Tecnologica Nacional — Facultad Regional Buenos Aires, Buenos Aires, Ar-
gentina

13University of Adelaide, Adelaide, S.A., Australia

4 Université Libre de Bruxelles (ULB), Brussels, Belgium

15Vrije Universiteit Brussels, Brussels, Belgium

16Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil

17Centro Federal de Educacao Tecnolégica Celso Suckow da Fonseca, Petropolis, Brazil

8Instituto Federal de Educacio, Ciéncia e Tecnologia do Rio de Janeiro (IFRJ), Brazil

Universidade de Sao Paulo, Escola de Engenharia de Lorena, Lorena, SP, Brazil

20Universidade de Sao Paulo, Instituto de Fisica de Sdao Carlos, Sao Carlos, SP, Brazil

2IUniversidade de Sao Paulo, Instituto de Fisica, Sao Paulo, SP, Brazil

22Universidade Estadual de Campinas (UNICAMP), IFGW, Campinas, SP, Brazil

ZUniversidade Estadual de Feira de Santana, Feira de Santana, Brazil

2Universidade Federal de Campina Grande, Centro de Ciencias e Tecnologia, Campina
Grande, Brazil

25Universidade Federal do ABC, Santo André, SP, Brazil

26Universidade Federal do Parané, Setor Palotina, Palotina, Brazil

2TUniversidade Federal do Rio de Janeiro, Instituto de Fisica, Rio de Janeiro, RJ, Brazil

28Universidad de Medellin, Medellin, Colombia

29Universidad Industrial de Santander, Bucaramanga, Colombia

30Charles University, Faculty of Mathematics and Physics, Institute of Particle and Nuclear
Physics, Prague, Czech Republic

3nstitute of Physics of the Czech Academy of Sciences, Prague, Czech Republic

32palacky University, Olomouc, Czech Republic

33CNRS/IN2P3, IJCLab, Université Paris-Saclay, Orsay, France

34Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Sorbonne Université,
Université de Paris, CNRS-IN2P3, Paris, France

35Univ. Grenoble Alpes, CNRS, Grenoble Institute of Engineering Univ. Grenoble Alpes,
LPSC-IN2P3, 38000 Grenoble, France

36Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France

37Bergische Universitit Wuppertal, Department of Physics, Wuppertal, Germany

38Karlsruhe Institute of Technology (KIT), Institute for Experimental Particle Physics, Karl-
sruhe, Germany

39Karlsruhe Institute of Technology (KIT), Institut fiir Prozessdatenverarbeitung und Elek-
tronik, Karlsruhe, Germany

40K arlsruhe Institute of Technology (KIT), Institute for Astroparticle Physics, Karlsruhe,
Germany

4IRWTH Aachen University, I1I. Physikalisches Institut A, Aachen, Germany



42Universitat Hamburg, II. Institut fiir Theoretische Physik, Hamburg, Germany

43Universitit Siegen, Department Physik — Experimentelle Teilchenphysik, Siegen, Germany

44Gran Sasso Science Institute, L’Aquila, Italy

45INFN Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila), Italy

46INFN, Sezione di Catania, Catania, Italy

4TINFN, Sezione di Lecce, Lecce, Italy

48INFN, Sezione di Milano, Milano, Italy

WINFN, Sezione di Napoli, Napoli, Italy

S0INFN, Sezione di Roma “Tor Vergata”, Roma, Italy

SIINFN, Sezione di Torino, Torino, Italy

2]stituto di Astrofisica Spaziale e Fisica Cosmica di Palermo (INAF), Palermo, Italy

%3Qsservatorio Astrofisico di Torino (INAF), Torino, Italy

54 Politecnico di Milano, Dipartimento di Scienze e Tecnologie Aerospaziali , Milano, Italy

S>Universita del Salento, Dipartimento di Matematica e Fisica “E. De Giorgi”, Lecce, Italy

56Universita dell’Aquila, Dipartimento di Scienze Fisiche e Chimiche, L’Aquila, Italy

STUniversita di Catania, Dipartimento di Fisica e Astronomia “Ettore Majorana“, Catania,
Italy

58Universita di Milano, Dipartimento di Fisica, Milano, Italy

% Universita di Napoli “Federico II”, Dipartimento di Fisica “Ettore Pancini”, Napoli, Italy

60Universita di Palermo, Dipartimento di Fisica e Chimica "E. Segré”, Palermo, Italy

61Universita di Roma “Tor Vergata”, Dipartimento di Fisica, Roma, Italy

62Universita Torino, Dipartimento di Fisica, Torino, Italy

63Benemeérita Universidad Auténoma de Puebla, Puebla, México

64Unidad Profesional Interdisciplinaria en Ingenieria y Tecnologias Avanzadas del Instituto
Politécnico Nacional (UPIITA-IPN), México, D.F., México

65Universidad Auténoma de Chiapas, Tuxtla Gutiérrez, Chiapas, México

66Universidad Michoacana de San Nicolas de Hidalgo, Morelia, Michoacén, México

67Universidad Nacional Auténoma de México, México, D.F., México

68Institute of Nuclear Physics PAN, Krakow, Poland

69University of Lodz, Faculty of High-Energy Astrophysics,L.odz, Poland

Laboratoério de Instrumentacdo e Fisica Experimental de Particulas — LIP and Instituto
Superior Técnico — IST, Universidade de Lisboa — UL, Lisboa, Portugal

"l“Horia Hulubei” National Institute for Physics and Nuclear Engineering, Bucharest-Magurele,
Romania

Institute of Space Science, Bucharest-Magurele, Romania

"Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica,
Slovenia

"Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia

"Universidad de Granada and C.A.F.P.E., Granada, Spain

"Instituto Galego de Fisica de Altas Enerxias (IGFAE), Universidade de Santiago de Com-
postela, Santiago de Compostela, Spain

""IMAPP, Radboud University Nijmegen, Nijmegen, The Netherlands

"8Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), Science Park, Am-
sterdam, The Netherlands



™Stichting Astronomisch Onderzoek in Nederland (ASTRON), Dwingeloo, The Netherlands

80Universiteit van Amsterdam, Faculty of Science, Amsterdam, The Netherlands

81Case Western Reserve University, Cleveland, OH, USA

82Colorado School of Mines, Golden, CO, USA

83Department of Physics and Astronomy, Lehman College, City University of New York,
Bronx, NY, USA

84Michigan Technological University, Houghton, MI, USA

85New York University, New York, NY, USA

86University of Chicago, Enrico Fermi Institute, Chicago, IL, USA

8TUniversity of Delaware, Department of Physics and Astronomy, Bartol Research Institute,

Newark, DE, USA

®Max-Planck-Institut fiir Radioastronomie, Bonn, Germany

balso at Kapteyn Institute, University of Groningen, Groningen, The Netherlands
¢School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom
dFermi National Accelerator Laboratory, Fermilab, Batavia, IL, USA
“Pennsylvania State University, University Park, PA, USA

fColorado State University, Fort Collins, CO, USA

9Louisiana State University, Baton Rouge, LA, USA

hnow at Graduate School of Science, Osaka Metropolitan University, Osaka, Japan
‘Institut universitaire de France (IUF), France

Jnow at Technische Universitdit Dortmund and Ruhr-Universitit Bochum, Dortmund and
Bochum, Germany

E-mail: spokespersons@auger.org

Abstract. Diffuse photons of energy above 0.1 PeV, produced through the interactions be-
tween cosmic rays and either interstellar matter or background radiation fields, are powerful
tracers of the distribution of cosmic rays in the Galaxy. Furthermore, the measurement of a
diffuse photon flux would be an important probe to test models of super-heavy dark matter
decaying into gamma-rays. In this work, we search for a diffuse photon flux in the energy
range between 50 PeV and 200 PeV using data from the Pierre Auger Observatory. For the
first time, we combine the air-shower measurements from a 2 km? surface array consisting of
19 water-Cherenkov surface detectors, spaced at 433 m, with the muon measurements from
an array of buried scintillators placed in the same area. Using 15 months of data, collected
while the array was still under construction, we derive upper limits to the integral photon
flux ranging from 13.3 to 13.8km~2sr~! yr~! 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 diffuse 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.

Keywords: cosmic rays, ultra-high-energy photons, Pierre Auger Observatory, surface de-
tector, underground muon detector
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1 Introduction

The origin and acceleration of very-high-energy (VHE, E > 10*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 10'8 eV interact with background radiation fields, 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 identified primary photons from Galactic sources with
energies reaching up to ~ 10 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 extra-
galactic background light, in intergalactic space [7-9]. Light particles have higher interaction
cross-sections with these fields, leading to more frequent production of secondary 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 10'% eV with an increasing trend towards heavier elements
up to about 2 x 10'7 eV [11], after which the composition either remains constant or becomes
lighter [12-17].



Another significant contribution to the diffuse photon flux comes from the interactions
between VHE cosmic rays and Galactic disk matter [18, 19]. Similar to fluxes from cosmic-ray
propagation through radiation fields, this component depends on the flux 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 flux diminishes as £~2 and may become the dominant
component of the total cosmogenic photon flux below 107 eV, though it remains four to five
orders of magnitude lower than the energy-integrated cosmic-ray flux. Measurements from
LHAASO provide further insight into the diffuse gamma-ray emissions from the Galactic
plane, spanning energies between 10'3 eV and 10'° eV. These measurements indicate that the
gamma-ray flux 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 fluxes, pointing to a more
complex picture of gamma-ray production in the Milky Way. Upper limits on the diffuse
photon flux between 10'° eV and 1.5 x 10'7 eV have been set from the Northern Hemisphere
using experimental facilities, including KASCADE-Grande [21], EAS-MSU [22] and CASA-
MIA [23], while a diffuse search towards the Galactic plane has been performed with data
measured by IceTop at 2 x 10'° eV [24].

The diffuse photon flux 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 diffuse
photon flux above a few 10'° eV [25-27|. Since photons generated in the Galactic center are
not significantly 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 > 10'7eV) are performed by
measuring extensive air showers, i.e., cascades of secondary particles produced in the at-
mosphere. 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 prop-
erties: 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, X,ax, is expected to be deeper for a
photon than for a hadronic primary. Also, taking into account the muonic component, this
leads to a flatter 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 fluorescence detector (FD). The
Pierre Auger Collaboration, combining SD and FD measurements, has set the most stringent
upper limits on the integral photon flux at energies above 2 x 107 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-off, the indirect muon
number estimation, or the measurement of the fluorescence 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 x 100 eV. The extension is made possible by
a dense array of 19 WCDs deployed over 2km? 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 definition 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,
My, defined 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, 750 m and 433 m, each designed to probe different 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 ~2km?. 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, progress-
ing to the high-level trigger (T5). This trigger is used to select events where the station with
the highest signal is surrounded by five (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 configuration 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 figure 1, left.
Each UMD station consists of three modules, each containing 64 plastic scintillator bars
measuring 400 cm in length, 4cm in width and 1cm in thickness providing a sensitive area
of ~10m? [42, 43]. The central station on the array’s western edge contains six modules,
providing a sensitive area of ~50 m?, compared to the standard 30 m? area in all other stations.
All modules are buried under 2.3 m of soil equivalent to a vertical shielding of 540 g/cm?,
that filters out most of the particles produced in the air except muons with kinetic energies
21 GeV. When a charged particle passes through the module, the scintillation material emits
photons that are collected by a 1.2mm wavelength-shifter optical fiber 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, effectively translating
the current pulses into a sequence of digital boolean samples. These output signals are sampled
by a Field-Programmable Gate Array at 320 MHz, 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 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. Specifically, muons are identified 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 defined 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.
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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 (4.140.1) x 10! eV, obtained with a dedicated
data energy scale [38], with a zenith angle of (26.3 = 0.3) °. Dashed lines indicate the fitted
lateral distribution functions (see section 3).

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(rrf), defined as the value at an optimal distance, r.r. For an array
spacing of 433 m, rpf is chosen as 250 m 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 sufficient sampling of the air-shower muon content, leading to a suitable discrim-
ination power as discussed in section 5, we select events acquired by the three highlighted
hexagons of figure 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 flux 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®. The
same methodology is employed for the UMD modules, based on the rate of 6T5 events acquired

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% confidence level and hence identified as an
unstable period.



by the SD-433 during which a UMD module is registered as active. Unstable periods for each
UMD module are identified 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 final data set is composed of 5T5 and 6T5 events recorded during
~15.5 months, equivalent to 8 months of data acquisition with the three hexagons operating
under ideal conditions. The final data set is composed of 15,919 events with energies above
10'0-7 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 figure 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 ~ 10 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 sufficiently 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?, as described in section 3.2.

The discrimination method is designed using protons as the only hadronic species, be-
cause proton-initiated air showers have a muon content most similar to photon-initiated show-
ers among the hadronic primaries present in the cosmic-ray flux. The energy of simulated
proton events is underestimated when employing a data-driven energy calibration, since cur-
rent 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 devel-
oped in section 3.3. This approach provides the most conservative background estimation, as
discussed in section 4.

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 unified energy scale
is thus essential for accurately comparing events initiated by different 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 efficiency, using air-shower simulations.
The simulation library covers an energy range between 10'® eV and 1075 eV, which follows
an E~! distribution and zenith angles uniformly distributed in sin®# 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 80 GeV. To manage the computational
load, we employ a thinning algorithm as outlined in [59] with a thinning threshold of 1076.
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

2The bias introduced by the muon deficit in hadronic models is not expected to significantly affect an
energy calibration based on photon-initiated events given the minimal muonic content in such showers.
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Figure 2: The trigger efficiency as a function of the simulated energy for photon and pro-
ton primaries, depicted by empty and filled markers respectively, and different zenith angle
intervals. Lines correspond to sigmoid functions fitted via a maximum likelihood method.

times around the central station of the array and the detector response is simulated using the
Auger Offline framework [61, 62].

Figure 2 depicts the trigger efficiency for the simulated photon and proton events. Air
showers initiated by hadronic primaries, such as protons, reach the ground with a significantly
more prominent muonic component than those initiated by photon primaries due to the de-
cay 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 signif-
icant. The trigger efficiency for proton-initiated air showers is thus consistently higher than
that for photon events, with the difference becoming more pronounced at larger zenith angles.

A sigmoid model, represented by solid lines, describes the trigger efficiency based on the
simulated energy, Fyic, and zenith angle, 6, with parameters estimated using a maximum
likelihood method. Events generated by air showers with an expected trigger efficiency greater
than 90% and a zenith angle smaller than 52 © are selected for the Monte Carlo-driven analyses
throughout this article since the trigger efficiency 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 fitted 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 fluctuations in the energy calibration. A
power-law model is used to describe the relationship between S(250) and Eyc [63]:

0 (3.1)

S(250) [ Ewc \*?
1017 eV
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Figure 3: Left: The power-law index from equation 3.1 as a function of zenith angle. The
solid line represents the model of equation 3.2. Right: The average ratio between shower size
and primary energy raised to the power of «, in terms of the zenith angle. The fitted model
of equation 3.3 is represented as the solid line.

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

a(f) =ap x (14 a1 x (cos? 6)*2) (3.2)

The three free parameters are listed in Table 1. The power-law index « 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)/FE“ decreases with the zenith angle, as shown in figure 3,
right, reflecting 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]:

g1 g3

The free parameters, listed in Table 1, are estimated via a x? minimization to the average
ratio. Particularly, the parameter gop = (38.9 £ 0.1) VEM represents the expected signal
measured by the SD-433 at 250 m from the axis of a shower initiated by a photon primary of
10'7 eV with a zenith angle of 25°.

The calibration performance is evaluated by examining the relative difference between
the reconstructed energy, Fyec, and the simulated energy, Eyc. This method reconstructs the
photon energy with a bias of less than 2%, as shown in figure 4, top. The resolution of the
calibration is defined as the standard deviation of the distribution of the relative difference
between Fye. and Eyc. As shown in figure 4, bottom, the zenith-integrated resolution remains
nearly constant at around 12%.

. 91/93 _
9(0) = go % (1 + :c 92) X exp (_a: g2> , wherex = sec — sec25° (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 Eyjc. As discussed above in the context of photon events, a
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Figure 4: The bias and resolution of the  Table 1: The parameters modeling the at-
energy calibration for photon events defined  tenuation of the shower size and the energy
by equation 3.1. calibration, defined by Egs. (3.2) and (3.3).

single realization per air shower is used to properly account for shower-to-shower fluctuations.
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 Epyic

!

S(250) [ Buc \°
o= (o) (34)

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

gO)=d x (1+ x 2+ x2*+d x2*), wherex = cos®f — cos® 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 fit of the
attenuation function, ¢’(#), and the power-law index, o/, 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 Egs. (3.4) and (3.5) are summarized in Table 2.

The bias and resolution provide insight into the reliability and precision of the calibra-
tion. As shown in the top panel of figure 5, the reconstructed energy exhibits a bias below 2%
for energies above ~ 10167 ¢V, while the resolution follows the expected trend with the pri-
mary energy, improving from 18% to 13% across the energy range under study, as presented
in the bottom panel of figure 5.

3.4 The photon-equivalent energy scale
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Table 2: The parameters in Egs. (3.4) and (3.5) estimated through the maximum likelihood
method on the S(250) for proton-initiated events.
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E, cq- This scale is constructed using the at-
tenuation curve derived from simulated pro-
ton events, i.e., from equation 3.5, and the
energy power-law index obtained for photon
events, i.e., from equation 3.1. Thus a recon-
structed event with a shower size S(250) can be assigned an energy E, o, 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 10167 eV decreasing to 5% at the highest energies, as shown in figure 6, right. Importantly,
this bias shows no significant angular dependence, making E, oq a robust scale across different
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 figure 6, right. Consequently, in a given E, ¢4 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.

Figure 5: The bias (top) and resolution (bot-
tom) of the energy calibration for proton events
defined by equation 3.4.

4 Discrimination between photon and proton events

The search for primary photons in the cosmic-ray flux is a classification problem of a tiny
signal in the overwhelmingly dominant hadronic background. The muon density is a powerful
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Figure 6: The relative difference 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).

observable for distinguishing between air showers dominated by the electromagnetic compo-
nent and those with significant hadronic contributions. Using the simulated set described
in section 3.1, we define 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, M,

For each event, the muon densities, p;, measured at various distances, r;, from the shower
axis are combined to define the discrimination observable M [65]:

Pi ri )’
My =lg <¥ Ppr . (rpr> (4.1)
Each measured muon density is normalized by the average muon density, pp, expected
in proton-initiated events at a predefined reference distance, 7pr, and is parametrized in
terms of the primary energy and zenith angle. This normalization serves a dual purpose
in the discrimination method. First, it offers an initial estimate of the muon content, with
hadronic-induced showers typically yielding positive values of Mj and photon-initiated show-
ers producing negative values. Second, by normalizing each muon density by py,, the energy
and angular dependencies of M} are largely absorbed, while the composition-dependent scal-
ing of the muon densities is preserved. The power-law index, b, is selected to maximize the
separation power of Mj between photonic and hadronic events, as discussed in section 4.2.
The reference distance, rp,, is chosen to minimize fluctuations in the number of muons
intersecting the sensitive area of a UMD station. The average number of muons, E, de-
creases with the distance to the shower axis, following the lateral spread of the shower front.
Conversely, the relative fluctuations, o,,/N,,, increase with distance, as shown in figure 7, left.
These relative fluctuations are influenced by both the shower-to-shower and the Poissonian
fluctuations sprouting from the decreasing number of impinging muons [66]. The relative
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Figure 7: Left: The ratio between the standard deviation of the number of impinging
muons on UMD stations and its average value as a function of the distance to the shower
axis for proton events in the quoted reconstructed energy intervals. The vertical dashed line
represents the choice of r,, = 200 m. Right: The muon density at 200 m from the shower axis
for proton-initiated showers as a function of the reconstructed energy. In both panels, events
with 0 < 23° are employed, as an example.

fluctuations are estimated as the root-mean-square of the N, distributions in distance bins?.
A plateau in the relative fluctuations is observed up to ~ 300 m, mildly dependent on the
primary energy and zenith angle. Consequently, we select a reference distance of rp, = 200 m,
which corresponds to about 25% statistical fluctuations in the number of muons with a min-
imal variation across the studied energy range.

The normalization factor, ppr, is then defined as the average of the muon density in
proton-induced events at 200m from the shower axis. It is parameterized in terms of the
proton energy, I, and zenith angle using the muon densities measured between 195m and
205m from the shower axis. The energy dependence of pp, is illustrated in figure 7, right,
and can be described by:

Epy c(0)
Ppr = po(0) X (10179,\/) (4.2)

The estimated values of the free parameters, pg and ¢, using events in different zenith angle
intervals are depicted in figure 8. The normalization, pg, decreases with the zenith angle,
representing the atmospheric attenuation of the muon component. In contrast, the power-
law index, ¢, governs the energy-driven muon production and shows no significant angular
dependence. A quadratic dependence on cos? 6 —cos? 30 © is proposed to describe 1g(pg), 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 M,

Because the number of muons on the ground decreases with increasing distance from the
shower axis, the observed muon densities exhibit significant statistical uncertainties at large
distances due to the finite detector size, independent of the primary particle. Therefore, Mj is
defined using the measurements taken with the “hottest” station (the one with the highest SD

3At distances below ~300m, shower-to-shower fluctuations dominate in the energy range under study,
exceeding the Poissonian fluctuations by a factor between 2 and 3 at distances between 10'%° ¢V and 10'7 eV.

— 11 —



P00 Po1 £02 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 coefficients in cos? — cos?30° describing
lg(po(0)) in equation 4.2. The last column corresponds to the parameter ¢ present in equation
4.2.

signal) and its six nearest neighbors, which together define the “hottest” hexagon of an event.
An example of the Mp—; distributions for photon- and proton-initiated events is displayed
in figure 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 7° produced in first
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 7%, caused by a photonuclear interaction, which
initiates a hadronic sub-shower early in the shower development.

The choice of b in equation 4.1 aims to
minimize the risk of misclassifying a back-
ground event as a photon event, while still
ensuring a substantial probability of iden-
tifying photon events. The hadronic back-
ground is assumed purely of protons to pro-
vide a conservative estimation of the photon- -0.3
hadron separation power, given the exis- 19
tence of a non-negligible contribution of pri-
maries heavier than protons in the cosmic-
ray flux [12, 14]. We define background con- 0.8
tamination as the ratio of the number of pro-
ton events below a specified M, threshold to 06 ‘ ‘ ‘ ‘ ‘ ‘
the total number of proton events. To esti- 03 0z 0l Oc052 g._lcoszo.szoo
mate the former from the available statistics,
the My of the 10% most photon-like proton Figure 8: The free parameters of equation
events are fitted using an unbinned maxi- 4.2 estimated by x? minimization to the muon
mum likelihood procedure, assuming an ex- densities in angular bins with superimposed fit-
ponential model (shown by the black line in ted quadratic and constant models.
figure 9, left). Then the number of proton
events below a given M, threshold is calculated from the integral of the fitted tail*. The sig-
nal efficiency, on the other hand, is defined as the ratio between the photon-initiated events
having values of Mj, smaller than the threshold value and the total number of photon events.

As shown in figure 9, right, the contamination is minimal for a range of values of b
around unity in the energy range of interest for a fixed signal efficiency of 50%. It decreases

[y

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
definition of the background tail, thus adding to the robustness of the method.
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Figure 9: Left: The Mj,—; distributions for simulated photon- and proton-initiated events for
energies lg (Ey oq/eV) € (16.7,16.9). The uncertainty in bins with fewer than ten entries is the
asymmetric confidence belt calculated with the Feldman-Cousins method at 95% confidence
level [67]. The fit 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 fixed signal efficiency of 50%.

with increasing energy due to the enhanced air-shower muon content. Therefore, b = 1 is
chosen as the index that minimizes the background contamination, defining the discrimination
observable as Mj.

The background contamination and signal efficiency can be computed by scanning over
all possible values of the M; threshold, as exemplified in figure 10. The contamination de-
creases with increasing primary energy, reflecting the increasing number of muons produced in
hadronic air showers at higher energies. In addition, a larger signal efficiency can be reached
at the expense of a larger background contamination.
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Figure 10: The background contamination in
terms of the signal efficiency for the quoted en-
ergy bins in the photon-equivalent scale.

We note that the background contam-
ination and signal efficiency shown in figure
10 are obtained assuming a complete UMD
hexagon, e.g., the north-west hexagon in fig-
ure 1, left. We verified that the choice of
b = 1 remains effective even when consider-
ing missing UMD stations in the first ring
of neighbors. However, the discrimination
power, i.e. both the background contamina-
tion and signal efficiency, varies depending
on the real configurations 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, consider-
ing the actual configuration of the detector.

~13 -



Cat No. of first-ring Minimum UMD area Missing UMD No. of

UMD stations in first ring (m?) stations in first ring events
I 6 190 0 3,295
11 5 140 1 1,491
I1I 4 110 2 non-NN 8,417
v 4 110 2 NN 298
A% 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
first ring, either nearest neighbors (NN) or non nearest neighbors (non-NN). The last column
contains the size of each data subset.

Given that the fraction of photon primaries expected to be present in the cosmic-ray flux
may be well below 107°, the standard event reconstruction, fine-tuned to hadronic events,
is employed for the data. The event selection follows the 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 M7 quantifies the muon content of each event, as defined 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 M;
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 Mj 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 figure 1,
left, the muon component arriving at the ground is sampled by a variable number of UMD
stations. Therefore, the threshold value of M; to classify an event as a photon candidate, i.e.,
the photon candidate cut MU is obtained according to the possible configurations in the
hottest hexagon. The events are classified 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 30 m? UMD
station, except for the aforementioned 50 m? station. UMD stations or individual modules
are randomly masked to simulate missing measurements and assess the discrimination power

cut

for each event category. M;"" is defined as the threshold value at which the signal efficiency
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Figure 11: The photon candidate cut (left) and the background contamination at 50% signal
efficiency (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 fitted power-law and exponential models
of the logarithmic energy, respectively.

reaches 50%, determined as the median of the M;j distribution for simulated photon events
in energy bins. Such signal efficiency is suitable to reach background contamination levels
smaller than 10~% in all event categories. Therefore, an event is tagged as a photon candidate
if My < M. As shown in figure 11, left, M{" increases with primary energy and with
the number of UMD stations in the hottest hexagon . The evolution of M{" is described
by a function of the logarithmic energy for each event category and reported in Appendix B.
As depicted in figure 11, right, the contamination remains below 107> for events in category
I, while it increases as the number of first-ring UMD stations decreases, with the relative
position of missing UMD stations having a significant 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 parameterization 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 misidentified as photon candidates. For instance, the expected number of fake
photon events in the category I subset can be computed as (4.0440.04) x 1073 by integrating
the blue curve in figure 11, right, above 10'%7eV [68]. Since 3,295 events above 1067 eV
fall in that event category, this is equivalent to one fake photon event approximately every
815,650 events®. Considering that the category I events were acquired over ~ 10 months 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 M; distribution in data agrees with simulations, before carrying on the
unblinding of the full selected data set. The burnt data represent a fraction fpume = 0.1
of the selected data set. The M; 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
configurations with the largest background contamination, is 3.12 x 102 and 8.20 x 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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uncertainty in bins with fewer than ten entries is calculated with the Feldman-Cousins method

at 95% confidence level [67].

compared with the simulated distributions, as exemplified in figure 12. Simulated events are
weighted by EZ gq to obtain energy-integrated distributions, while no weighting is applied to
the burnt data sample. As expected, the M; 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 define the photon-equivalent energy calibration.
As a result, the reference muon density pp, used in the M; definition (see equation 4.1) is
shifted to higher values in data compared to simulations, leading to smaller M; values in
the former case. Thus, the distribution for data is artificially shifted towards the simulated
proton distribution. Nevertheless, the M7 observable is optimized to discriminate between
events with significantly different muonic components -such as photons versus all hadronic
species- due to the logarithm scaling in its definition, 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 M; observable is compared to the parametrized photon candidate cut
M for its respective event category, as shown in figure 13. The parameterizations of M{",
performed with simulated events up to 1017 eV, have been extrapolated to higher energies
for comparison with the data. Nevertheless, all events exhibit M; values well above the

parametrized M{"" indicating that no photon candidate events are identified.
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6.1 Upper limits calculation

From the absence of photon flux measurements, upper limits on the integral photon flux 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 efficiency 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 classified as either “on” or “off”. This
enables real-time monitoring of the status of each hexagon®. Following the 5T5 and 6T5 event
selection criteria, a hexagon is considered active if at least five “on” WCDs are surrounding the
hottest one. When a 6T5 condition is met, the effective area of a hexagon with a side length
d = 433m is the one of the unitary hexagon, i.e., A = v/3/2 x d?. 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), reflecting 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

5Technical issues affecting eight out of the 19 SD stations during 16 distinctive periods (lasting between one
day and one week) were identified, accounting for less than 1% of the operation time. During these periods,
the stations were considered “off”.
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central station and the first ring around it, as well as the relative position of any missing UMD
stations in the first ring, are dynamic. They vary over time due to the absence of deployed
modules or technical issues affecting normal operation. These requirements are mapped by a
step function, u(t), incorporated into the exposure calculation.

The trigger efficiency for photon-initiated showers, 7, must also be included in the expo-
sure calculation. This efficiency 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 effective
area of each hexagon over the entire observation period, t, above a given photon-equivalent
energy, E;h7 and over the solid angle, €2, as:

= Y / / / A(t) 080 % u(t) x 7(Eyeq,0) dLAQ A, o (6.1)
hexagons E’tyh QJt
The trigger efficiency can be integrated with a weight proportional to a E 2 spectrum, moti-
vated by theoretical predictions of the diffuse galactic photon flux [19], top-down models [69]
and previous photon searches by the Pierre Auger Collaboration [70].
The upper limit to the integral photon flux, ®,, is calculated as:

3.095

(1 - fburnt) X fcut,’y X €y
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-
fidence level of 95%. The exposure to photon primaries above given energy, €., is reduced
by a factor 1 — fhumt by construction and a factor feut, = 0.504, reflecting the average
signal efficiency of the M{" parameterizations across all event categories. Above threshold
energies of 50, 80, 120 and 200 PeV, the integrated exposure up to a zenith angle of 52° is
ey = (0.58 £ 0.02), (0.61 & 0.03), (0.63 & 0.03) and (0.63 + 0.03) km? sryr, respectively, in
which the dependence on the threshold energy comes in from the photon trigger efficiency
model”. 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 conservative
scenario, where the average exposure above each threshold energy is decreased by its uncer-
tainty, resulting in integral upper limits of 12.3, 11.7, 11.3 and 11.3km~2?sr~! yr~! above the
mentioned threshold energies.

In figure 14, we present the upper limits on the integral photon flux 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 first one
in which direct measurements of air-shower muons provided by the UMD are employed.

Diffuse photon fluxes are expected from the interaction of UHE cosmic rays with back-
ground radiation fields |7, 8, 74] and with the interstellar Galactic matter 75|, as discussed
in section 1. These are indicated by the shaded bands in figure 14. The upper limits de-
rived in this study are between two and three orders above these cosmogenic fluxes. How-
ever, the expected diffuse gamma-ray flux from proton-proton interactions in the galactic

o, < (6.2)

"The model for the trigger efficiency was computed in terms of Envic. Thus, the energy bias between E. cq
and Enmc, 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 flux above a threshold energy E,tyh
obtained in this work at a 95% confidence level, as solid red markers, and limits obtained
by the Pierre Auger Collaboration at higher energies with a 95% confidence level [35, 71], as
solid blue and black markers, as well as limits reported by other experiments established at
90% confidence level, except those obtained by Telescope Array at 95% confidence level (see
text for a full list of references). The light-colored bands represent predictions of cosmogenic
fluxes: from interactions between UHE cosmic rays and the interstellar galactic matter [19]
(in gray), with background radiation fields [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).

halo [76] is shown to be within the reach of the upper limits obtained in this work. More-
over, predictions from various phenomena beyond the Standard Model may emerge above
these cosmogenic fluxes, e.g., those arising from the decay of super-heavy dark matter par-
ticles |26]. In the above-mentioned figure, we show the predicted diffuse fluxes in several
scenarios: assuming decay channels into hadrons, a mass Mx = 10'°GeV and a lifetime
™ = 3x 102 yr [77]; Mx = 10'2 GeV and 7x = 10?3 yr [77]; and assuming decay into leptons,
a mass Mx = 1012 GeV and a lifetime 7x = 3 x 10?! yr [27]. Further sensitivity provided by
the next 10 years of data taking will allow us to constrain the parameter space of the discussed
models thanks to an expected improvement in the upper limits by a factor larger than 20.

6.2 Systematic uncertainties on the upper limits

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

The integral photon flux is a power law of the threshold energy E,tyh, assuming an index
~v > 1. If the latter is adjusted to E’%h x (1+ b(E;h)) to account for a bias on the energy, b,
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the relative effect on the integral flux, and hence on the upper limits, is:

A%y _ (1+b(EMY=7 —1 (6.3)
o, v

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 figure 6, right).
Following equation 6.3, the effect 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
effect 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 figure 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 expo-
sure 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 flux 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 M7 decrease. In
the following, we discuss how varying the parameters in the M; definition might cause this
effect. 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 2.38gcm ™3, leading to a fixed soil shielding to muons. The standard deviation of
the soil density is 0.05gcm™3 [78], which results in a 2.8% increase in the reference muon
density ppr [42]. Lastly, different high-energy hadronic models predict varying numbers of
muons in simulations, which could affect pp,. 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 effect translates into an absolute shift of
—0.06 across all M; 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 final upper limits reported in this work, including a shift towards the worst-case scenario
motivated by the considered systematic effects, are 13.8, 13.5, 13.3 and 13.6 km=2sr— ' yr—!
for threshold energies of 50, 80, 120 and 200 PeV. A summary of the upper limits before and
after accounting for the systematic effects is presented in Table 5. These limits translate into
constraints on the photon fraction in the measured cosmic-ray flux [80]. Above the specified
energy thresholds, the upper limits on the photon fraction are 0.056%, 0.14%, 0.35% and
0.97% at a confidence level 95%.

7 Conclusions and outlook

The search for primary photons above 10 PeV has so far been conducted by experimental facil-
ities exclusively located in the Northern Hemisphere, thereby presenting a restricted exposure
towards the Galactic plane. This article presents the first search for a diffuse flux of primary
photons above between 50 and 200 PeV from the Southern Hemisphere. At these energies,
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Egh (PeV) ey (km?sryr) @, (km™Zsrlyr™!) @, + oy (kmZsrlyr!)

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 flux above each quoted energy threshold
before (third column) and after (fourth column) accounting for the discussed systematic
effects. The exposure above each energy threshold is obtained from equation 6.1.

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
50 PeV. 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~° 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 flux above 50 to 200 PeV
ranging from 13.3 to 13.8km~2sr~'yr~! at a 95% confidence level. An average exposure of
(0.63 & 0.03) km? sryr, equivalent to approximately eight months of ideal operation, conser-
vatively reduced by one standard deviation, was employed for the computation of the upper
limits. Furthermore, the reported limits were increased to account for systematic uncertain-
ties based on the assumed spectral index of the diffuse photon flux and bias in the predicted
photon energy due to the specific scale employed in this analysis.

Thanks to the addition of the surface and muon detectors spaced at 433 m, the search
for primary photons can presently be conducted with data measured by the Auger Obser-
vatory spanning over three decades of cosmic-ray energy. The additional insights provided
by the complementary detection techniques of the AugerPrime upgrade [81] will offer 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 significant opportunity to constrain the mass-lifetime phase-space
for specific super-heavy dark matter models and to explore the expected photon flux from
proton-proton interactions in the Galactic halo at tens of PeV. In addition to the search for a
diffuse photon flux, 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]:

-8
r r -+ 700m > (A1)

>< B
Tref  Tref + 700m

FipE(r) = S(rvet) x (

where .. = 250 m in the case of SD-433 events. The slope parameter, /3, is parametrized a
priori as follows:

B(5(250)6) = fo(®) + 10) x 1“7 ) (A2
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Figure A.1: Left: The shower size, S(250), as a function of the simulated primary energy,
FEne, for photon events. The solid lines represent linear fits 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 fit f() from equation A.3 via a x2 minimization.

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

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

Jo
-

c

f(0) = £(0)/F(25°), with f(0) = , and x = secf —sec25° (A.3)

where the reference zenith angle, 25°, is selected as the median of the El\_/[%—weighted zenith
distribution. The three free parameters of f (0) are estimated by examining the approximately
linear relationship between the S50 and Eyzic, as shown in figure A.1, left. Consequently,
the ratio S(250)/Epc is mainly determined by the angular dependence, as depicted in figure
A1, right. The sigmoid function f (0) is fitted to the average ratio, resulting in parameters
fo = (4.65 +0.03) VEM/10'¢ eV, b = (0.194 £ 0.002) and ¢ = (0.156 + 0.002). This model
captures the mean behavior within a 2% margin.

The linear coefficients, 8y and (1, depend quadratically on sec 8, as illustrated in figure A.2,
left. The corresponding six parameters are estimated using an unbinned maximum likelihood
method, assuming a Gaussian probability density function for 8. The resulting values are
given in equation A.4. The performance of the parametrization is assessed by comparing
the predicted slope from equation A.2, B,req, with the reconstructed slope for each photon-
initiated event, 5. The parametrization shows a negligible bias (within +2%) and a resolution
better than 19% as illustrated in figure A.2, right.

Bo = (0.756 4 0.011) + (4.05 4 0.01) x secd — (2.33 4 0.01) x sec? §

A4
By = (0.704 + 0.006) — (1.37 £ 0.01) x sec § + (0.758 = 0.004) x sec? 6 (4-4)

8 A station is flagged as saturated when the digitized traces of the anode channel overflow.
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Figure A.2: Left: The evolution of 5y and B; parameters of equation A.2 with secf. The
second-order polynomials in equation A.4 are superimposed. Right: The bias and resolution
of the LDF slope predicted by equation A.2, Bpreq-

B Parametrization of the background contamination and photon candi-
date cuts

The average background contamination at 50% signal efficiency 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 figure 11, the employed analytical models are:

fBC (E'y,eq) = bO X e*blx(lg(E%eq/eV)*lﬂ (Bl)

fout (Byeq) = — (CO +c1 % (Ig(Eyeq/eV) — 16)_02) (B.2)

The free parameters of both equations are given in Table A.1 for each event category.

Event

category bo by o 1 2
I 1.154£0.22) x 107 6.204+0.50 0.2624+0.035 1.04+0.28 32.5+85
II 2.134+0.37) x 107 6.76 £0.51 0.306 £0.020 1.03+£0.12 30.8+4.2
I 2.334+0.39) x 1076 6.19+£0.50 0.411+£0.012 1.2840.22 39.34+4.6

\Y 1.87+£0.35) x 107%  6.8140.46 0.4294+0.042 0.931+£0.170 27.0£7.0

( )
( )
( )
IV (L05+0.15) x 1075 5.92+0.53 0.330£0.055 0.867+0.125 24.0=£7.0
( )
VI (5.9840.94) x 107 5774043 0470£0.018 1.10£0.17 342447

Table A.1: The parameters of Egs. (B.1) and (B.2) modeling the background contamination
at 50% signal efficiency and the photon candidate cut for each event category.
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