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Cosmic Rays
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Direct Measurements:
PAMELA (2011, only p)
AMS-02 (2021, only p)
BESS-TeV (2004, only p)
CALET (2022, only p)
CREAM I+III (2017, only p)
RUNJOB (2005, only p)

Air-Shower Measurements:
HAWC (2017)
CASA-MIA (1999)
EAS-TOP (1999)
IceTop (2019)
KASCADE (2005)
KASCADE-Grande (2013)
Fly's Eye (1994)
AGASA (2003)
HiRes 1 (2008)
HiRes 2 (2008)
TA (2015)
Auger (2021)



Extensive Air Showers
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Muons
Hadrons

Electromagnetic
particles

Primary cosmic-ray particle

Nucleus from the Earth’s atmosphere

Cascade of billions
of particles, covering

a large area on ground
[J. Knapp]



• Two main measurement techniques currently
• Measuring the (lateral distribution of) secondary particles on 

ground with a sparse detector array
• Possibility to cover large areas in a cost-effective way
• Duty cycle close to 100%

• Measuring the fluorescence light emitted in the atmosphere when 
the air shower passes through (proxy for the longitudinal 
development)
• Good knowledge of the atmosphere needed to interpret the data
• Measurement only possible in clear, moonless nights (duty cycle 

reduced to ~15%)

• Future: radio measurements of air showers

Measuring Extensive Air Showers
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[J. Knapp]



• Needed for the proper interpretation of measurements
• Typical approach: full MC simulations using CORSIKA

• Use thinning algorithms to reduce computing demands
• Can also use a hybrid approach with full MC for the first part of the 

shower plus numerical solution of cascade equations for the later
parts (CONEX simulation code)

• Detailed modelling of hadronic interactions crucial
• Constraint: lack of accelerator data at the highest energies / in the 

extreme forward region / for p-air (CNO) interactions
• Different models available based on different theoretial ansätze

(e.g. EPOS, QGSJET, SIBYLL), but all have some shortcomings (“muon
puzzle in air showers“)

Simulating Extensive Air Showers
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[J. Knapp]



• Surface Detector (SD)
• ~1660 water Cherenkov detector

stations, covering about 3000 km!

• Fluorescence Detector (FD)
• Four FD stations with 27 telescopes

• Data taking started in 2004
• Detector upgrade (AugerPrime)

ongoing

Pierre Auger Observatory
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Malargüe

[Pierre Auger Coll.][Pierre Auger Coll.]
[Pierre Auger Coll.]

[Pierre Auger Coll., Veberič]

[CIA]

[Pierre Auger Coll., NIM A 798 (2015) 172]



Pierre Auger Observatory – Key Results
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Source Earth

[E. Guido]
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parameterization, and by bracketing the bias with the pure
proton/iron mass primaries below full efficiency. The impact
of the resolution uncertainties on the unfolding procedure is
the larger, in particular at the highest energies. On the other
hand, the energy bias and reduced efficiency below 1017 eV
only impacts the first few bins. These various components
are summed in quadrature and are shown by the dotted blue
line in Fig. 15. These influences are clearly seen to impact
the spectrum by <4%.

The last significant uncertainty in the flux is related to
the calculation of the geometric exposure of the array. This
quantity has been previously studied and is 4% for the SD-
750 which directly translates to a 4% energy-independent
shift in the flux [24].

The resulting systematic uncertainties of the spectral
parameters are given in Table 6. For completeness, beyond
the summary information provided by the spectrum param-
eterization, the correlation matrix of the energy spectrum is
given in the Supplementary material. It is obtained by repeat-
ing the analysis on a large number of data sets, sampling
randomly the systematic uncertainties listed above.

5 The combined SD-750 and SD-1500 energy spectrum

The spectrum obtained in Sect. 4 extends down to 1017 eV
and at the high-energy end overlaps with the one recently
reported in [21] using the SD-1500 array. The two spectra
are superimposed in Fig. 16. Beyond the overall consistency
observed between the two measurements, a combination of
them is desirable to gather the information in a single energy
spectrum above 1017 eV obtained with data from both the
SD-750 and the SD-1500 of the Pierre Auger Observatory.
We present below such a combination considering adjustable
re-scaling factors in exposures, δE , and ESD energy scales,
δESD, within uncorrelated uncertainties.

The combination is carried out using the same bin-by-
bin correction approach as in Sect. 4. The joint likelihood
function, L(s, δE, δESD), is built from the product of the
individual Poissonian likelihoods pertaining to the two SD
measurements, L750 and L1500. These two individual likeli-
hoods share the same proposed function,
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with j = i + 1 and E0 = 1018.5 eV. As in [21], the transition
parameters ω12, ω23 and ω34 are fixed to 0.05. In this way, the
same parameters s are used during the minimisation process
to calculate the set of expectations νi (s, δE, δESD) of the two

Fig. 16 Superimposed SD spectra to be combined scaled by E2.6, the
SD-750 (red circles) and the SD-1500 (black squares)

Fig. 17 SD energy spectrum after combining the individual measure-
ments by the SD-750 and the SD-1500 scaled by E2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma
error band in gray

arrays. For each array, a change of the associated exposure
E → E + δE impacts the νi coefficients accordingly, while a
change in energy scale ESD → ESD + δESD impacts as well
the observed number of events in each bin. Additional likeli-
hood factors, LδE and LδESD , are thus required to control the
changes of the exposure and of the energy-scale within their
uncorrelated uncertainties. The likelihood factors described
below account for δE and δESD changes associated with the
SD-750 only. We have checked that allowing additional free
parameters, such as the δE corresponding to the SD-1500,
does not improve the deviance of the best fit by more than
one unit, and thus their introduction is not supported by the
data.

Both likelihood factors are described by Gaussian distri-
butions with a spread given by the uncertainty pertaining to
the exposure and to the energy-scale. The joint likelihood

123

[Pierre Auger Coll., Eur. Phys. J. C 81 (2021) 966]

[Pierre Auger Coll., Science 357 (2017) 1266]

[A. Yushkov (Pierre Auger Coll.), PoS (ICRC2019) 482]

Energy Spectrum Composition

Arrival Directions



• Combine observations with different “messenger particles” to gain complementary 
information about a specific astrophysical object (or class of objects):
• Cosmic Rays (nuclei)   – Photons (electromagnetic radiation)   – Neutrinos   – Gravitational Waves

• Some breakthrough discoveries:
• 2017: first coincident observation of electromagnetic radiation and a gravitational wave (GW170817)
• 2019: measurement of a high-energy neutrino from a flaring blazar (TXS 0506+056)

Multimessenger Astronomy
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Source Earth

Nucleus

Photon

Neutrino

Point directly back at their source

[E. Guido]



• First detection of an EeV photon would be a breakthrough, not only for multimessenger 
astronomy (search for the sources of UHE cosmic rays), but also, e.g., for fundamental 
physics
• Main challenge: distinguishing photon-induced air showers from the vast background of showers 

initiated by cosmic protons and heavier nuclei
• Exploit characteristic differences to proton/nucleus-induced showers
• In a nutshell: Searching for UHE photons means looking for deep (vertical) showers with few muons

Focus of our Group: Search for UHE photons
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Source Earth

[E. Guido]
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Example: Search for Photons between 2×1017 and 1018 eV
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inside the geometrical field of view of the fluorescence
telescopes and gaps in the recorded tracks, which can appear,
for example, for air showers crossing several telescopes,
amount to less than 30% of the total observed track length.
Finally, it is required that the uncertainty on the reconstructed
photon energy Eγ, defined as the calorimetric energy taken
from the integration of the profile plus a missing-energy
correction of 1% appropriate for primary photons (Aab et al.
2017a), is less than 20%.

Since the precise knowledge of the atmospheric conditions is
crucial for the hybrid reconstruction, events recorded during
periods without information on the aerosol content of the
atmosphere are not taken into account. To exclude events
where the recorded profile may be distorted due to clouds over
the Observatory, only events from known cloud-free periods
are accepted. Events where no information on the cloud
coverage is available from either the Lidar system installed at
the FD site Coihueco (BenZvi et al. 2007) or infrared data from
the GOES-12 satellite (Abreu et al. 2013) are excluded.

Finally, the last selection criterion removes events where
fewer than four of the six SD stations in the first 750 m
hexagon around the station with the largest signal are active.
Such cases can occur, e.g., in the border region of the array or
when individual SD stations are temporarily offline and not
taking data. In this case, the discriminating observables Sb and
Nstations (see Section 4) can be underestimated, mimicking air
showers initiated by photons.

The numbers of events after each level of the event selection
and the associated selection efficiencies are given in Table 1,
excluding the burnt sample as mentioned before. The largest
reduction occurs already at the geometry level. Here, the main
contribution comes from the restriction of the acceptance to the
area of the 750 m SD array, followed by the requirement that
the events have to be reconstructed using the hybrid procedure.
After all cuts, 2,204 events remain with a photon energy Eγ

above 2× 1017 eV.
A large sample of simulated events has been used to study

the photon/hadron separation by the observables used in this
analysis, to train the multivariate analysis, and to evaluate its
performance. Air-shower simulations have been performed
with CORSIKA (Heck et al. 1998), using EPOS LHC (Pierog
et al. 2015) as the hadronic interaction model. About 72,000
photon-induced and 42,000 proton-induced air showers in six
bins of equal width in ( [ ])Elog eV10 between 1016.5 and
1019.5 eV, following a power-law spectrum with spectral index
−1 within each bin, have been used. Zenith and azimuth angles
of the simulated events were drawn from an isotropic distri-
bution between 0° and 65° and from a uniform distribution
between 0° and 360°, respectively. Although they do not have a
significant impact on the development of photon-induced air

showers at the target energy range below 1018 eV, pre-
showering (Erber 1966; McBreen & Lambert 1981; Homola
et al. 2007), and LPM effects (Landau & Pomeranchuk 1953;
Migdal 1956) were included in the simulations. Only proton-
induced air showers are used as background, as these are the
most photon-like compared to air showers induced by heavier
nuclei such as helium. Even though there are indications that
the composition of UHECRs is getting heavier with energy
(see, e.g., Yushkov & Pierre Auger Collaboration 2019), the
assumption of a pure-proton background in the context of a
search for UHE photons can be taken as a conservative worst-
case assumption, since including heavier nuclei would always
lead to a smaller estimate for the contamination in the final
sample of photon candidate events.
All simulated air-shower events are processed with the

Auger Offline Software Framework (Argiro et al. 2007) for a
detailed simulation of the detector response. In these simula-
tions, the actual detector status of both the SD and the FD as
well as the atmospheric conditions at any given time during the
aforementioned data period are taken into account, leading to a
realistic estimate of the detector response. Each simulated air
shower is used five times, each time with a different impact
point on the ground, randomly taken from a uniform
distribution encompassing the region of the 750 m SD array,
and with a different event time, which was randomly
determined according to the on-time of the Coihueco and
HEAT telescopes during the data period used in this analysis.
All simulated events are finally passed through the same event
selection as the events from the data sample. After the event
selection stage, the simulated samples contain about 55,000
photon-induced events and about 35,000 proton-induced
events.

4. Analysis

The search for primary photons presented in this work
exploits the well-known differences in air-shower development
for photon-induced and hadron-induced air showers: on the one
hand, air showers initiated by photons develop deeper in the
atmosphere than those initiated by hadrons, and on the other
hand, they exhibit a smaller number of muons at ground
level (Risse & Homola 2007). The first difference can be
quantified through Xmax, which can be directly measured with
the FD. To complement the FD observable Xmax, we use
another quantity determined from the data of the 750 m SD
array, called Sb, which is defined as follows (Ros et al. 2011):

( )S S
R

1000 m
, 1b

i
i

i
b⎛⎝ ⎞⎠�� q

where Si denotes the measured signal in the ith SD station at a
perpendicular distance Ri to the shower axis. The parameter Sb
has been chosen here as b= 4 to optimize the photon-hadron
separation in accordance with Aab et al. (2017a). By
construction, Sb is sensitive to the lateral distribution, which
in turn depends on the depth of the air-shower development in
the atmosphere and the number of muons. Hence, Sb can be
used to distinguish photon- and hadron-induced air showers. In
addition to Xmax and Sb, the number of triggered SD stations
Nstations is also used in the analysis, as it has been shown in Aab
et al. (2017a) that it can significantly improve the overall
performance of the analysis. The distributions of Xmax, Sb, and

Table 1
Numbers of Events from the Data Sample (Excluding the Burnt Sample)
Passing the Different Event Selection Levels and the Associated Selection

Efficiencies Relative to the Preceding Level

Total number of HeCo events: 557,944 ...
After geometry level: 20,545 3.7%
After profile level: 12,129 59.0%
After atmosphere level: 4373 36.1%
After Sb level: 3873 88.6%
Eγ � 2 × 1017 eV: 2204 56.9%

Note. See the text for explanations.

5

The Astrophysical Journal, 933:125 (11pp), 2022 July 10 Abreu et al.

• Photon candidate cut chosen to ensure 50 % signal 
efficiency, leading to ~99.9 % background rejection

• Data period: 1 Jun 2010 – 31 Dec 2015
• Exposure to photons (from simulations): ~2.5 km2 sr yr
• No events pass the candidate cut

[Pierre Auger Coll., ApJ 933 (2022) 125]



Upper Limits on the Diffuse Flux of UHE Photons
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• No primary UHE photon could be 
unambiguously identified so far

• Most stringent limits on the 
diffuse flux of photons over a wide 
energy range come from Auger

• Predictions of some cosmogenic 
models (e.g., involving GZK 
interactions) are within reach

• Limits also useful to constrain BSM 
models involving SHDM particles

• Also done: follow-up search for 
photons for GW events from 
LIGO/Virgo

[Pierre Auger Coll., PRL 130 (2023) 061001]
[Pierre Auger Coll., PRD 107 (2023) 042002]
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Upper Limits at 95 % C.L.
Auger SD 433 m + UMD (2023)
Auger HeCo + SD 750 m (2022)
Auger Hybrid (2021)
Auger SD 1500 m (2023)
Telescope Array (2019)

Upper Limits at 90 % C.L.
KASCADE-Grande (2017)
EAS-MSU (2017)

Model Predictions
(Kampert et al. 2011)GZK proton I 
(Gelmini et al. 2022)GZK proton II 

(Bobrikova et al. 2021)GZK mixed 
(Berat et al. 2022)CRs in Milky Way 

(Kalashev & Kuznetsov 2016)SHDM Ia 
(Kalashev & Kuznetsov 2016)SHDM Ib 

(Kachelriess et al. 2018)SHDM II 

[N. González (Perre Auger Coll.) PoS (ICRC 2023) 238]
[Pierre Auger Coll., ApJ 933 (2022) 125]

[P. Savina (Pierre Auger Coll.), PoS (ICRC 2021) 373]
[Pierre Auger Coll., JCAP 05 (2023) 021]

[Pierre Auger Coll., Universe 8 (2022) 579]

[Pierre Auger Coll., ApJ 952 (2023) 91]


