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• Neutral particles (here: photons and neutrinos) play a crucial role for the current efforts 
in multimessenger astronomy
• One of the main goals: understanding where and how UHECRs are produced
• Intimate connection between UHE photons and neutrinos and UHECRs

• Can be produced either directly at the sources of UHECRs (astrophysical 𝜸/𝝊) or during their 
propagation through the Universe (cosmogenic 𝜸/𝝊)

• Complementary messengers: photons trace the local Universe up to Mpc scales, while neutrinos can 
traverse the whole Universe

• Neutral particles can also serve as cosmic probes of fundamental physics and open a 
window to new physics
• Examples: SHDM, Lorentz invariance, axions…

Why search for neutral particles at the highest energies?
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The Bigger Picture

[Snowmass UHECR White Paper, arXiv:2205.05845]
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Figure 1: Diagram summarizing the strong connections of UHECRs with particle physics and
astrophysics, the fundamental objectives of the field (in orange) for the next two decades, and the
complementarity of current and next-generation experiments in addressing them.

observatories o↵er a unique probe of the dark matter mass spectrum near the scale of grand unified
theories (GUTs). The origin of super-heavy dark matter (SHDM) particles can be connected
to inflationary cosmologies and their decay to instanton-induced processes, which would produce
a cosmic flux of ultra-high-energy (UHE) neutrinos and photons. While their non-observation
sets restrictive constraints on the gauge couplings of the DM models, the unambiguous detection
of a single UHE photon or neutrino would be a game changer in the quest to identify the DM
properties. UHECR experiments could be also sensitive to interactions induced by macroscopic
DM or nuclearites in the atmosphere, o↵ering further windows to identify the nature of DM.

Astrophysics at the Energy Frontier The ability to precisely measure both energy and mass
composition on an event-by-event basis simultaneously is critical as together they would give access
to each primary particle’s rigidity as a new observable. Given the natural relationship between
rigidity and magnetic deflection, rigidity-based measurements will facilitate revealing the nature and
origin(s) of UHECRs and enable charged-particle astronomy, the ability to study individual (classes
of) sources with UHECRs. At the highest energies, the classic approach of maximizing exposure
and achieving good energy resolution and moderate mass discrimination may well be su�cient if
the composition is pure or is bimodal comprising a mix of only protons and Fe nuclei, for example.
We already know however that this is not the case at energies below the flux suppression. Thus, a
purposely-built observatory combining excellent energy resolution and mass discrimination will be
complementary to instruments with possibly larger exposure. It is also clear that both approaches
will benefit from the reduction of systematic uncertainties between hadronic interaction models.
UHECRs also have an important role to play in multi-messenger astrophysics, not only as cosmic
messengers themselves but also as the source of UHE photons and neutrinos.

v



• The fluxes of UHE neutral particles are far too small for direct detection
• But: photons and neutrinos entering the Earth’s atmosphere can initiate extensive air 

showers, just like charged cosmic rays – making indirect detection possible
• In general, a cosmic-ray observatory measuring air showers can be, by construction, also a photon 

observatory and even a neutrino observatory
• Main challenge: distinguishing photon- and neutrino-induced air showers from those initiated by 

protons and heavier nuclei

How to search for neutral particles?
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• Located near Malargüe, Argentina
• Surface detector array (SD)

• ~1600 water Cherenkov detectors (WCDs)
• 1500 m distance, total area ~3000 km2

• Measuring secondary particles on ground

• Fluorescence detector (FD)
• 4 stations with 6 telescopes each, overlooking the SD
• Measuring the longitudinal development in the atmosphere

• Further detector systems:
• Infilled array: denser sub-array of WCDs, 750 m distance
• High-elevation telescopes (HEAT): fluorescence measurements at lower energies
• Plus radio antennas (AERA), underground muon detectors (UMD)…

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



Photons



• Photon-induced air showers are dominated
by electromagnetic interactions

• Two main differences w.r.t. air showers
initiated by protons or heavier nuclei:
• Deeper 𝑿𝐦𝐚𝐱 due to the lower multiplicity of electo-

magnetic interactions w.r.t. hadronic interactions
• Smaller 𝑵𝝁 due to only a small fraction of the total 

energy being transferred the hadronic (and subsequently
muonic) channel through photo-nuclear interactions

• One consequence: steeper lateral distribution of
secondary particles on ground and smaller footprint

How to identify a primary photon
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• Searches for a diffuse (i.e., direction-independent, unresolved) flux of UHE photons
• Three different energy ranges: between 2×1017 and 1018 eV (based on data from HEAT/Coihueco and 

the 750 m SD array), between 1018 and 1019 eV (FD + 1500 m SD array) and above 1019 eV (SD 1500 m)

• Searches for point sources of UHE photons
• Blind search covering the full field of view
• Targeted search involving different classes of potential sources

• Follow-up search for UHE photons in coincidence with transient events
• Gravitational wave events
• TXS 0506+056

Searches for photons at the Pierre Auger Observatory
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not covered in this talk

see L. Perrone‘s
talk later

[Pierre Auger Coll., ApJ 789 (2014) 160]

[Pierre Auger Coll., ApJL 837 (2017) L25]

[Pierre Auger Coll., ApJ 902 (2020) 105 ]

[P. Ruehl (Pierre Auger Coll.), PoS (ICRC 2021) 973]



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]



• The observable Fµ is used as a proxy for the muon content
calculated using a model based on air-shower universality

• Overall background rejection ~99.9 %
• Data period: 1 Jan 2005 – 31 Dec 2017; ~1000 km2 sr yr

Search for photons between 1018 and 1019 eV
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• 22 candidate events, consistent
with the expectation of 30±15, 
estimated using data

[P. Savina (Pierre Auger Coll.), PoS (ICRC 2021) 373]



• Observables 𝑳𝐋𝐃𝐅 and ∆ are based on benchmarks 𝑆$%& and 𝑡 ⁄( )
*+,-., obtained from data

• No assumptions needed on the cosmic-ray composition (i.e., the background)

• Data period: 1 Jan 2004 – 30 Jun 2020; ~17000 km2 sr yr
• 16 candidate events, consistent with the expectation

Search for photons above 1019 eV

4 October 2022Marcus Niechciol (Universität Siegen), UHECR 2022 11

19 19.1 19.2 19.3 19.4 19.5 19.6 19.7 19.8 19.9 20
/eV)
γ

(E
10

log
5−

0

5

10

15

20Δ photon MC (no preshower)

Data - burn sample

19 19.1 19.2 19.3 19.4 19.5 19.6 19.7 19.8 19.9 20
/eV)
γ

(E
10

log
0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

LD
F

L

photon MC (no preshower)

Data - burn sample

4− 2− 0 2 4 6 8
Fisher

2−10

1−10

1

10

210

Ev
en

ts photon MC (no preshower)

photon MC (preshower)

Data - burn sample

Data - search sample

Version September 27, 2022 submitted to Universe 11 of 20

the SD, the lack of a corresponding fluorescence measurement for the bulk of the data poses 233

some challenges. For example, there is no direct measurement of Xmax available. Also the 234

primary energy can only be accessed indirectly, using S(1000)—the interpolated signal in 235

the SD stations at a perpendicular distance of 1000 m from the shower axis—as a proxy. 236

237

Two observables are used in this analysis, one related to the thickness of the shower 238

front at ground and one based on the steepness of the lateral distribution. These two 239

properties of an air shower depend on the type of the primary particle initiating the shower, 240

hence they can be used for photon-hadron separation. The first observable, D, is based 241

on the risetime t1/2 in the individual SD stations, which is defined as the time at which 242

the integrated signal in the FADC time trace rises from 10 % to 50 % of its total value. For 243

showers of the same primary energy and zenith angle, t1/2 is expected to be larger for 244

primary photons with respect to primary nuclei due to the reduced muonic content, which 245

implies larger scattering and attenuation of secondary particles, and to Xmax being closer 246

to the ground. D is defined as: 247
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which can be taken as the average deviation of the measured rise-times from a data bench- 248

mark tbench
1/2 , describing the average risetime of all of the SD data (assumed to be overwhelm- 249

ingly constituted by primary nuclei) [32], in units of sampling fluctuations st1/2 . Details 250

on the selection criteria for the SD stations can be found in [25]. By construction, D is 251

expected to average to zero for data and to be significantly positive for photon-induced 252

air showers. As photon-induced air showers are also expected to have a steeper lateral 253

distribution of the signals in the SD stations than the average of data, a second observable 254

LLDF is introduced to quantify the departure of the observed LDF from the average of all 255

SD data (see also [33]): 256
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where Si is the total signal measured in the i-th selected station and fLDF(ri) gives the 257

average signal, obtained from all SD data, for a station at the same distance ri from the 258

shower axis. The photon energy Eg is determined for each measured air-shower event 259

taking into account S(1000) and the reconstructed zenith angle. For this purpose, a look-up 260

table has been constructed using a large simulation sample. Only non-preshowering photon 261

events are used, which are weighted according to a reference spectrum µ E�2. In Fig. 5, 262

the distributions of the two observables are shown as a function of the photon energy. In 263

particular D shows a good separation between photons and data. Finally, the two variables 264

are combined using a Fisher discriminant analysis with the burnt sample representing the 265

background and photon simulations the signal. 266

267

The analysis is applied to SD data collected between 1 January 2004 and 30 June 2020. 268

Only air-shower events with a reconstructed zenith angle between 30� and 60� are taken 269

into account to ensure that the majority of possible selected photon-induced showers reach 270

their maximum development before reaching ground level. A number of selection criteria 271

are applied to ensure a reliable reconstruction of the two observables. These criteria are 272

described in detail in [25]. Overall, the data sample (search sample) consists of 48,061 273

selected events with a photon energy Eg � 1019 eV, excluding the burnt sample which 274

consists of 886 events (1.8 % of the total number of selected events). The results of the 275

analysis are shown in Fig. 5, bottom. 16, 2 and 0 events above energy thresholds of 1, 2 and 276

4⇥1019 eV, respectively, had a value of the Fisher discriminant above the photon-candidate 277

cut, which was fixed to the median of the Fisher distribution for non-preshowering primary 278

photons (shown as the solid black line in Fig. 5, bottom). The number of observed candidate 279

events is in statistical agreement with what is expected from the fit of an exponential to 280
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Upper limits on the integral flux of photons
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton I (Kampert et al. 2011)
GZK proton II (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)
CR interactions in Milky Way (Berat et al. 2022)
SHDM Ia (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

• Most stringent limits to date on 
the diffuse flux of photons over a 
wide energy range

• “Exotic” models strongly 
constrained

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

• Limits especially useful to 
constrain models involving 
SHDM particles
[Pierre Auger Coll., arXiv:2203.08854, arXiv:2208.02353]
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Neutrinos



• In a nutshell: Searching for UHE neutrinos means searching for inclined showers with an 
electromagnetic component
• Protons and nuclei initiate air showers high in the atmosphere; at large zenith angles, the 

electromagnetic component is absorbed in the atmosphere and only muons arrive on ground
• Neutrinos can initiate deep showers close to the ground, where the electromagnetic component can 

still be measured

• Additional search channel: Earth-skimming 𝝊𝝉 leading to slightly upgoing showers

How to identify a primary neutrino
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• All searches are based on data from the 1500 m SD array; three search channels:
• Earth-Skimming (ES), zenith angles between 90° and 95°
• Downward-going high-angle (DGH), zenith angles between 75° and 90°
• Downward-going low-angle (DGL), zenith angles between 60° and 75°

• Limits on the diffuse flux of UHE neutrinos
• Here: update of the analysis with data until 31 December 2021

• Limits on point-like sources of UHE neutrinos

• Follow-up search for UHE neutrinos in coincidence with transient events
• Gravitational wave events
• TXS 0506+056

Search for neutrinos at the Pierre Auger Observatory
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not covered in this talk

see L. Perrone‘s
talk later

[Pierre Auger Coll., JCAP 10 (2019) 022]

[Pierre Auger Coll., JCAP 11 (2019) 004]

[Antares, IceCube, Pierre Auger, Ligo Scientific and Virgo Colls., ApJL 850 (2017) L35]

[Pierre Auger Coll., ApJ 902 (2020) 105 ]



• Updated dataset
• JCAP 2019:

• Data period 1 Jan 2004 – 31 Aug 2018
• 9.8 “full Auger equivalent years”

• UHECR 2022:
• Data period 1 Jan 2004 – 31 Dec 2021
• 12.5 “full Auger equivalent years”

• Exposure is dominated by the ES
channel up to 4×1019 eV, then the DG
channels takes over

Exposure to neutrinos
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PRELIMINARY

[Pierre Auger Coll., JCAP 10 (2019) 022]



• Neutrino candidate cut chosen to get a false-positive rate of 1 event per 50 years
• No candidate events have been identified in any of the search channels

Data unblinding (two examples)
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ES (1 Jan 2004 - 31 Dec 2021) DGH 𝑵𝐬𝐭𝐚𝐭𝐢𝐨𝐧𝐬 ∈ [𝟕, 𝟏𝟏] (1 Jan 2004 - 31 Dec 2021)
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• Best sensitivity to UHE neutrinos
slightly below 1018 eV, comparable
to that of IceCube

• Integral limit for neutrino energies
between 1017 eV and 2.5×1019 eV:
3.5×10-9 GeV cm-2 s-1 sr-1

or equivalently
1.1 EeV km-2 yr-1 sr-1

• Fractional contributions:
• Channel: ES 0.79; DGH 0.18; DGL 0.03
• Flavor: 𝜐" 0.10; 𝜐# 0.04; 𝜐$ 0.86

Upper limits on the diffuse flux of UHE neutrinos
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IceCube, PRD 98, 062003 (2018)
ANITA, PRD 98, 022001 (2018)
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Expected event rates for selected models

[Referenz]
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JCAP 2019
1 Jan 2004 – 31 Aug 2018

UHECR 2022
1 Jan 2004 – 31 Dec 2021
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• The Pierre Auger Observatory offers an unprecedented exposure not only to UHECRs, but 
also to UHE photons and neutrinos

• Stringent upper limits on the diffuse flux of UHE photons and neutrinos
• Update of the neutrino limits with more data until the end of 2021

• The Pierre Auger Observatory is a key actor in multimessenger astronomy at ultra-high 
energies – even more so with the upcoming AugerPrime upgrade
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Summary
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Backup



Exposure to neutrinos
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• Surface Scintillator Detector (SSD) on top of every WCD
• Exploit the different detector responses to the electromagnetic

and muonic shower components to disentangle the components

• Upgraded Unified Board (UUB)
• Process the signals of all detectors; increased sampling rate

• Small PMT (sPMT)
• Increase the dynamic range of the WCDs

• Radio detector (RD) on top of every WCD
• Measure the radio emission of inclined air showers

• Underground Muon Detector (UMD)
• Direct muon measurement in the region of the SD-750
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Components of AugerPrime
RD

SSD (3.8m2)

WCD

sPMT UUB

UMD (30m2)

[Pierre Auger Coll., arXiv:1604.03637]
[A. Castellina (Pierre Auger Coll.), EPJ Web Conf. 210 (2019) 06002]
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Multi-Hybrid Measurements of Air ShowersAugerPrime – multi-hybrid measurements

  

(David Schmidt) (Lukas Nellen) 32

“Phase II” of Auger
- Data taking 2022/2023 – 2030
- Collected exposure after 8 years

for q < 60°: 40,000 km2 yr sr
(”Phase I”: 80,000 km2 yr sr)

- Re-analysis of the ”old” data set
using machine learning
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