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The Pierre Auger Observatory is the world’s largest facility dedicated to studying ultra-high-energy
cosmic rays (UHECRs). Located in Argentina, it spans 3,000 square kilometers and utilizes
a hybrid detection system comprising over 1,600 Water-Cherenkov detectors and fluorescence
telescopes. Since its inception in 2004, the Observatory has provided groundbreaking insights
into the energy spectrum, mass composition, and arrival direction anisotropies of cosmic rays.
Phase-I data analysis, covering the years 2004-2022, has revealed critical features such as large-
scale anisotropies and spectral features such as the instep and the suppression of flux at the highest
energies, thus advancing our understanding of the origin and propagation of UHECRs. The
hybrid detection approach has enabled precise measurements of air showers and muon content,
offering constraints on hadronic interaction models. Furthermore, searches for neutral particles
have been performed, contributing to multi-messenger astrophysics. The ongoing AugerPrime
upgrade aims to refine mass composition studies by integrating scintillator detectors, improved
electronics, underground muon detectors, and radio antennas, enhancing sensitivity to primary
cosmic-ray properties. We present the key scientific achievements from Phase I and discuss the
transformative potential of AugerPrime in addressing fundamental questions about the origin of
UHECRs.
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1. Introduction

Studying ultra-high-energy cosmic rays (UHECRs) with energies exceeding 1017 eV opens up
an intriguing possibility: to shed light on some of the most powerful phenomena in the universe.
However, more than a century after Victor Hess’s pioneering discovery of cosmic rays, the origin of
these extraordinary particles remains unknown. This mystery persists because, despite increasingly
precise measurements, the arrival directions of UHECRs exhibit only weak correlations with
known astrophysical structures. The naive approach of identifying sources based on direction,
which is so successful in photon astronomy, poses an extremely challenging task when it comes
to charged particles. Galactic magnetic fields deflect these particles significantly during their
propagation. As a result, their paths become scrambled, obscuring the true locations of their sources.
While a comprehensive framework that fully explains the production environments, acceleration
mechanisms, and detailed composition of UHECRs is still lacking, remarkable progress has been
achieved in recent years. Much of this progress is due to the unprecedented data gathered by the
Pierre Auger Observatory. The Observatory has collected the largest ever dataset of UHECR events,
providing an exceptional statistical basis for improving our understanding. These observations reveal
a surprisingly sophisticated global picture that challenges many long-standing assumptions. One
of the most striking results concerns the behaviour of the primary composition, which becomes
progressively heavier above energies close to the ankle. As energy increases, distinct mass groups
appear to replace one another, leading to a scenario in which each energy band is dominated by
a particular nuclear group. This evolution overturns earlier models that relied on a proton-only
composition to explain both the ankle [1] and the high-energy suppression [2, 3]. Interpreting these
findings requires the use of hadronic interaction models, which must be extrapolated to energies
far beyond the reach of current particle accelerators. In this extreme regime, UHECRs themselves
act as unique probes of fundamental physics. Measurements at the Pierre Auger Observatory
have demonstrated a significant excess of muons [4–8], which relative to the predictions of the
most recent hadronic interaction models is now of the order of 20%. This discrepancy signals
that our understanding of hadronic physics at ultra-high energies is still incomplete. To address
these challenges and enhance composition sensitivity, the Observatory underwent a major upgrade
known as AugerPrime [9]. This upgrade marks the transition from Phase I to Phase II of the
facility’s scientific mission. AugerPrime will greatly strengthen the ability to disentangle the mass
composition across the entire energy range. This paper highlights the state of the upgrade and the
latest findings obtained using the Phase-I data from the Observatory. Further, recently published
conference overview articles with slightly different focuses expand on and deepen aspects that are
only touched upon here [10, 11].

2. The Pierre Auger Observatory

The Pierre Auger Observatory, the layout of which is shown schematically in Fig. 1 (left), is
located in the vicinity of Malargüe in Argentina. The Surface Detector (SD) is composed of an
array of approximately 1,660 Water-Cherenkov detectors (WCDs), arranged in a grid over an area
of about 3,000 km² (Fig. 1, right). These detectors are used to detect particles in extensive air
showers (EASs) as they travel towards the ground, as well as to measure the distribution of their
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Figure 1: On the left a layout of the Pierre Auger Observatory, displaying the positions of the WCDs
(black dots) and the azimuthal field of view of the FD telescopes (red and orange lines). Lake Geneva, near
where the conference took place, is superimposed in the background, giving an impression of the size of the
Observatory. On the right a WCD station equipped with AugerPrime detectors. The SSD is positioned on
top of the WCD, with the radio antenna placed on top of the SSD.

arrival times. The Fluorescence Detector (FD) comprises 24 telescopes that span an elevation range
of 3 to 30 degrees, arranged in four sites. The energy deposited in the atmosphere is measured
through the fluorescence light produced during the development of the EAS. A variety of devices
are utilised for the purpose of monitoring the atmosphere. Two additional, denser arrays of WCDs
are installed with spacings of 750 m and 433 m, in addition to three High-Elevation Fluorescence
Telescopes (HEAT). The elevation angle of these telescopes ranges from 30 to 60 degrees; this
is required to extend the energy range down to approximately 1016.5 eV. The Auger Engineering
Radio Array (AERA), which consists of over 150 radio antennas, measures low energy showers by
detecting their radio emission. In addition to its scientific mission, the construction and operation
of the Observatory has had a deep social, economic, educational, and cultural impact on the local
community, the region, and beyond [12].

2.1 The upgrade AugerPrime

The AugerPrime upgrade [13] aims to improve the mass sensitivity of the surface detector
array by adding complementary detector systems to the existing Water-Cherenkov Detectors. This
enhancement is achieved through the installation of Scintillator Surface Detectors (SSDs) and radio
antennas, collectively known as the Radio Detector (RD) (see Fig. 1, right). Both systems are
mounted atop the existing 1500 m–spaced WCD array that covers 3,000 km2. The SSDs provide a
response distinct from that of the WCDs to the electromagnetic and muonic components of extensive
air showers. This difference enables a deconvolution of shower components or the integration of
time-dependent detector signals into advanced reconstruction algorithms. For air showers with
zenith angles 𝜃 ≥ 60◦, the electromagnetic component becomes strongly attenuated, reducing the
effectiveness of the SSD measurements. At such high inclinations, the radio footprint of the showers
becomes sufficiently large to enable accurate energy estimation through radio sampling. Once the
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Figure 2: Fraction of events with energies greater than 1018.5 eV containing measurements with the di!erent
components of the AugerPrime upgrade during the transition period.

The sensitivity of the antennas lies in the frequency range of 30 to 80 MHz in which its response113

is virtually uniform with low dispersion. The 12-bit, 250 MHz electronics have an amplification of114

a total of 36 dB and include a band-pass filter in the 30 to 80 MHz range. An FPGA coordinates115

data exchange with the station electronics discussed below.116

Calibration of the radio antennas has its basis in a thorough understanding of the full signal117

chain through laboratory measurements and simulations. The directional response of the full chain118

is validated through measurements with a radio calibration source mounted on a drone, and the119

radio emission from the Milky Way serves as an absolute calibration source which has thus far been120

used to validate the absolute gain of the signal chain. Additional information on the calibration and121

performance of the RD can be found in [10, 11].122

3.3 Electronics upgrade and extension of dynamic range123

To match the dynamic range of the SSD, a 1-inch diameter Hamamatsu R8619 PMT – referred124

to as the small PMT (SPMT) – is installed in each WCD. Whereas the WCD PMTs saturated at125

approximately 1000 vertical equivalent muons (VEMs) during Phase I of observatory operation,126

the dynamic range of the detectors is extended to approximately 20 000 VEM with the SPMT.127

Individual muons are indistinguishable in the SPMT as they produce only about one photo-128

electron per muon. Local, low energy showers are used for calibration with the rate of calibration129

events at approximately 200 per hour. The di!erences between the signal spectra measured by the130

large and SPMTs in the WCDs is minimized for these showers to obtain a calibration for the SPMT.131

Details on this procedure and performance of the SPMTs may be found in [10, 12, 13].132

To accommodate the additional channels of the upgraded surface detectors and provide signal133

traces with enhanced temporal and signal resolution, the Unified Board (UB) electronics of Phase134

I were replaced with Upgraded Unified Board (UUB) electronics. For the UUB, the anode channel135

inputs for each of the the large WCD PMTs are split and amplified such that the gain of the high-gain136

channel is 32 times the low-gain channel. The anode channel of the SSD is also split with a ratio137

of 128 between the two gains. The signals are filtered and digitized with a sampling frequency138

of 120 MHz, which is three times that of the UB electronics. The resolution on the magnitude139
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Figure 2: Fraction of events with energies greater than 1018.5 eV containing measurements with the different
detector components of the AugerPrime upgrade during the transition period [9].
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Figure 3: Lateral distributions of signals from the Water-Cherenkov Detectors, Scintillator Surface Detectors,
and Underground Muon Detector for a sample Phase II event.

of signals is also improved with the 12-bit UUB electronics, which improve upon the 10-bit UB.140

The updated GPS receivers also boast an improved timing resolution of 5 ns. To accommodate the141

increased power consumption particularly due to the RD, new solar panels are also installed at each142

surface detector station. An extensive description of the UUB electronics and their performance is143

given in [13, 14].144

3.4 Underground Muon Detector145

A single position of the UMD consists of three scintillator modules each with an active area146

of 10.24 m2 resulting in a total active area of 30.72 m2. A single module consists of 64 extruded147

polystyrene scintillator bars each measuring 4 m in length and 4 cm in width with a thickness of148

1 cm. Wavelength-shifting fibers are embedded in each bar and route photons to a central array of149

64 silicon photomultipliers. The internal components of each module are enclosed in a water-tight,150

polyvinyl chloride casing and buried at a depth of 2.3 m with a narrow access shaft for access to the151

electronics. The overburden corresponds to 540 g/cm2 resulting in an energy threshold for muons152

at the ground to reach the buried detectors of approximately 1 GeV. The output of the SiPMs is153

processed with two read-out schemas. An acquisition mode aimed at low muon densities applies a154

threshold to SiPM signals and generates 64 independent binary traces, i.e., one for each of the 64155

scintillator bars. The interpretation of these binary traces results in a muon count. Details on the156

calibration of this acquisition mode using dark counts are given in [15]. For higher muon densities,157

an additional acquisition mode sums the 64 traces and acts as a measurement of integrated charge158

[16]. More detailed information on the status and performance of the UMD is given in [10, 17].159

4. Coming online160

The large scale deployment of the SSD modules began at the end of 2018 and was completed at161

the end of 2021. The PMTs for the SSDs and the SPMTs were deployed thereafter together with the162

UUB electronics, the large scale deployment of which started with a pre-production batch in 2020163
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Figure 3: Lateral distributions of signals from the Water-Cherenkov Detectors, Scintillator Surface Detectors
and the Underground Muon Detector shown for an event of Phase II [9].

energy is determined from radio measurements, the WCDs can provide mass-sensitive information
for inclined showers. Thus, the combination of SSDs and radio antennas yields mass sensitivity
over nearly the entire sky observed by the Observatory. Less inclined showers rely primarily
on scintillator information, whereas more inclined showers depend on radio measurements. The
20 km2 region of the array with 750 m spacing is being enhanced with additional underground
scintillation detectors. The yet denser 2 km2 sub-array within this region, featuring 433 m spacing,
is also equipped with these detectors. These buried scintillators, termed the Underground Muon
Detector (UMD), provide direct measurements of muons in showers with zenith angles up to about
60◦. The UMD yields high-precision muon data for cosmic rays with energies spanning from the
second knee to the ankle of the spectrum. Furthermore, its direct muon measurements will calibrate
the algorithms used to estimate muon content in the upgraded 3,000 km2 array. A more detailed
description of the AugerPrime detectors and their potential scientific output can be found in [9].

Deployment of the various detectors started in early 2021 and was mostly finished by late 2024

4



P
o
S
(
I
C
R
C
2
0
2
5
)
1
4
0
2

Higlights from the Pierre Auger Observatory Markus Roth

P
o
S
(
I
C
R
C
2
0
2
5
)
3
8
5

AugerPrime: Status and first results David Schmidt

Figure 4: Topology (left) and lateral distribution (right) of energy fluence for a sample inclined event
measured with the Radio Detector of Phase II.

and was completed at the end of June 2023. Each station in the surface detector array remained164

in acquisition until the moment its UB electronics were replaced with UUB electronics. Upon165

the upgrade to its electronics, each station was then immediately put back into acquisition, now166

additionally providing SSD and SPMT measurements. The transition of the surface detector from167

a WCD-only Phase I configuration to the upgraded Phase II configuration was therefore gradual,168

and the array operated in a mixed configuration during a period of slightly more than three years, as169

illustrated in Fig. 2. Currently, the UUBs operate in compatibility mode, in which the WCD signal170

traces are filtered and downsampled to emulate those of the original UB system for the purposes of171

triggering, allowing the application of Phase I trigger algorithms at the event level. The native, full172

bandwidth traces of the UUBs are, however, used for the event reconstruction, and e!orts towards173

the development of new, full bandwidth triggers aimed at the detection of neutral particles and174

making use of the new detectors of AugerPrime are on-going. More details on the performance of175

the acquisition systems of the upgraded array are given in [18]. Exposure for the surface detector176

of Phase II is already approaching approximately 10% of Phase I at the time of this proceeding. An177

exemplary event including WCD, SSD, and UMD measurements is shown in Fig. 3.178

RD deployment began in August of 2023 with the procurement of some components delayed179

through complications relating to the COVID-19 pandemic. RD deployment was completed at the180

end of 2024. Each RD antenna was put into acquisition upon its deployment. An exemplary event181

measured during the RD deployment is shown in Fig. 4.182

UMD mass production and deployment began in 2019. At the time of this proceeding, 48183

of 61 positions for the 20 km2 sector of the array with 750 m spacing between stations have been184

deployed with deployment expected to be completed by the end of 2025. The even denser sector of185

the array with 433 m spacing between detectors has already been completed.186

5. Outlook187

As the number of Phase II events for multi-hybrid analysis steadily increases, the Auger188

collaboration is completing commissioning of the pipelines for physics analysis. These e!orts189

7

Figure 4: On the left-hand side the topology and on the right-hand side the lateral distribution of energy
fluence is shown for an inclined event sample, measured using the Phase-II Radio Detector (𝐸 = 32 EeV,
𝜃 = 84.8◦) [9].

(see Fig. 2). During this transitional period, the process of collecting data had smoothly evolved
from older to newer electronics, including the additional detectors. At the time of these proceedings,
the exposure of the Phase-II surface detector is already close to 10% of that of the Phase-I detector.
Fig. 3 illustrates an event at a moderate zenith angle of about 45◦, where the additions alongside
the WCD data by means of SSD and UMD data are shown. The deployment of RD commenced
in August 2023 and was finished at the close of 2024. Each RD antenna was immediately put
into a data acquisition mode upon its deployment. An illustrative event measured during the RD
deployment is presented in Fig. 4.

3. Physics results of Phase I

The data of Phase I from the Pierre Auger Observatory are exceptionally impressive providing
the world’s largest database of events at extreme energies [14]. The following section will provide
an update on the most notable results presented by the Pierre Auger Collaboration at this conference.

3.1 The energy spectrum of UHECRs

The Water-Cherenkov detectors possess sufficient depth of 1.2 m to measure particles arriving
at large zenith angles. However, the structure of extensive air showers varies substantially between
vertical and inclined geometries. More vertical showers remain approximately symmetric around
their axis and retain significant photon and electron content at ground level. In contrast, inclined
showers are dominated by muons and lose axial symmetry due to geomagnetic effects and other
influences. Because of these differences, events with zenith angles up to 60◦ are reconstructed using
a method distinct from that for events between 60◦ and 80◦. For vertical events, a function describing
the fall-off of WCD signals with distance from the shower axis is employed as shown in Fig. 3.
The value of this function at 1000 m, denoted 𝑆(1000), acts as an estimator of the shower size.
To remove zenith-angle dependence, an angle-corrected size parameter is defined. This parameter,
𝑆38, corresponds to the size the shower would have had if observed at a zenith angle of 38◦. It is

5
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Figure 3. Energy spectrum scaled by 𝐿2 (energy flux) across decli-
nations [→90↑,+44.8↑]. The number of events corrected for detector
e!ects is indicated in each bin. The red band stands for the systematic
uncertainties while the dotted line for the best-fit function described
by the spectral features given with their statistical and systematic un-
certainties.

been propagated by repeating the analysis on datasets obtained
by randomly sampling the di!erent sources of systematics that
a!ect individual energies and exposure. The main contribu-
tion stems, by far, from the 14% uncertainty in energy scale.
The various spectral features, with their statistical and system-
atic uncertainties, are given in the figure. The data are also
listed on a point-by-point basis in the Supplemental material.

Beyond the well-known features of the ankle and the steep-
ening, evidence for the recently uncovered “instep” [6] is rein-
forced with this measurement. We had previously disfavored,
with 3.9 𝑀 confidence, a model of the energy spectrum con-
sisting of a series of two power laws followed by a slow sup-
pression [6]. By drawing at random mock samples of observed
energies following this reference model without instep, and by
reconstructing the corresponding spectra using the reference
model and the alternative one (eqn. 1), we build the distribu-
tion of the test statistics 𝑁 from the ratio of the likelihood values
associated to each hypothesis. Only two out of 108 realizations
show a test statistic greater than the actual one (observed to be
𝑁 ↓ 38). This enables us, for 1-sided Gaussian distributions, to
reject the reference model at the 5.5 𝑀 confidence level. The
significance remains above 5.5 𝑀 when the complete chain of
analysis is repeated with the energy scale adjusted by ±14%
(the dominant systematic uncertainty) from the nominal one.

V. DISCUSSION

In this paper, we report for the first time the measurement
of the energy spectrum of cosmic rays over the entire range of
declination covered by the surface array of the Pierre Auger
Observatory with an exposure of 104,900 km2 sr yr. This is
made possible by using independent spectra measured over

[0,60↑] and [60↑,80↑] combined through a forward-folding
procedure that makes use of a unique function to describe
the underlying spectrum. Statistical agreement is obtained
by increasing the energies inferred from 𝑂68 values measured
between 60↑ and 80↑ from +2.9% at 4 EeV to 3.1% at 10 EeV;
the increase then slows down and energies are changed by→1%
at 100 EeV. Such changes are consistent with the uncertainties
in the energy assignments to 𝑂68.

A search for a declination dependence is performed by com-
paring the energy spectrum in five declination ranges with that
measured in the band [→84.8↑,+24.8↑], which is commonly
covered when measuring individual spectra between [0,60↑]
and [60↑,80↑] in zenith angle. All spectra are found to be con-
sistent with the reference one, apart from a mild modulation
expected from a dipolar anisotropy previously uncovered [3].
In particular, this statement applies to the northernmost decli-
nation band [+24.8↑,+44.8↑], where only inclined events are
available.

The combination of the two individual measurements and
the statistical agreement across declinations lead to the con-
struction of the spectrum from →90↑ to +44.8↑ declinations,
where the features of the ankle, the instep and the suppression
are firmly established. Among those features, the significance
of the instep, which was recently uncovered with 3.9 𝑀 con-
fidence [6], has reached 5.5 𝑀. The increase in significance
is consistent with the increase in exposure, in particular with
that provided by the data stream of inclined events.

The absence of declination dependencies disfavors that the
origin of the instep feature may be attributed to the distinctive
spectrum of one or a few foreground sources contributing
significantly to the total intensity. By contrast, the steepening
seems to reflect the interplay between the flux contributions
of the helium and carbon-nitrogen-oxygen components from
sources rather similar [7, 34]. This is inline with the narrow
range of maximum rigidity at the sources that can be inferred
from the succession of rather pure-composition components
of nuclei above 10 EeV [35–37]. The improved sensitivity
in mass-composition with the upgraded Observatory [38] will
allow for characterizing further the instep and therefore for
shedding more light on its origin.
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Figure 5: The energy spectrum scaled by 𝐸2 across the declination range [−90◦, +44.8◦] [15, 16]. The
number of events corrected for detector effects is shown in each bin. The red band represents the systematic
uncertainties, and the dashed line represents the best-fit function described by the spectral features, which
are given with their statistical and systematic uncertainties.

obtained through an attenuation function derived using the Constant Intensity Cut method. The 𝑆38
shower size is calibrated using the energy measured by the Fluorescence Detector telescopes, 𝐸FD,
for high-quality events registered also by by the Surface Detector array in coincidence, utilizing
the formula 𝐸 = 𝐴 𝑆𝐵38, with 𝐴 = (186 ± 3) PeV, 𝐵 = 1.021 ± 0.004, and resulting in a correlation
coefficient between A and B of 𝜌 = −0.98. A similar procedure has been invoked for the inclined
events as well as to provide a data driven energy estimate from fluorescence data [15, 16]. The
combined spectrum and the corresponding fit including fitted parameters are shown in Fig. 5, and
the spectrum data are provided in [15]. The shaded band represents the systematic uncertainty
of the flux, which is dominated by the 14% systematic uncertainty of the energy scale. The flux
exhibits the firmly established features of the ankle and suppression, as well as the instep, which we
unveiled with a significance of 3.9𝜎 in 2020 [17] and meanwhile increased to 5.5𝜎.

The Observatory’s latitude of 35.2◦ S allows to use vertical events to probe declinations from
the south celestial pole up to +24.8◦, while inclined events extend this range to [−84.8◦, +44.8◦].
A search for declination dependence was performed by dividing the sky into five declination bands,
including four bands within the vertical-event range and an additional northern band observed only
with inclined events. For each band, a combined spectrum was computed and compared with
the reference flux in the common declination interval of both data sets. The resulting spectra
and reference are shown in Fig. 6, together with the expected modulated flux arising from the
dipole anisotropy measured by Auger. The residuals exhibit a dipole-imprinted trend between 4
and 32 EeV, while at higher energies, statistical uncertainties dominate. To state it explicitly, no
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Figure 3: Left panel: Spectra in five declination bands combining vertical and inclined events. The flux
fitted in the common declination band [→84.8↑, +24.8↑] is shown in red, and the flux modulated by the dipole
of the arrival direction distribution is shown in green. Right panel: Residuals of the combined spectra and
the fitted flux in each declination band clipped to [→0.25, 0.25].

inclined spectra by combining them into a single spectrum. To guarantee the observation of the same
sky, we combined them in their common field of view given by the declination band [→84.8↑, +24.8↑]
using the method in reference [14]. We fitted the vertical and inclined data simultaneously with the
flux model (2).

During the fit, we included the e!ect of the uncorrelated systematics on the energy of the
vertical and inclined events. We fixed the energies resulting from the calibration for the vertical
events as they have negligible systematics. However, we fluctuated the energy of inclined events by
varying the parameters 𝐿 and 𝑀 around the calibration estimates. We use di!erent 𝑀 deviations for
energies below and above 10 EeV, and denominated them 𝑁𝑀 and 𝑁𝑂, respectively, to account for
possible deviations of the inclined calibration from a pure power-law model originated, for example,
by the evolution of the primary composition. The combination maximizes a Poisson likelihood
that contains contributions predicting the expected number of events in each bin of the vertical
and inclined spectra. In addition, during the fit, we penalized the deviations from the calibration
estimates (𝑁𝐿, 𝑁𝑀, and 𝑁𝑂).

We fitted simultaneously the eight spectral parameters and the three calibration parameters.
The fitted deviations are 𝑁𝐿 = (160 ± 39) PeV , 𝑁𝑀 = 0.003 ± 0.016, and 𝑁𝑂 = →0.02 ± 0.02.
The recalibration of inclined events increases the energy by 2.9% at 4 EeV, 3.1% at 10 EeV, and
decreases it 1% at 100 EeV. For the combination we obtained a deviance 𝑃 = 40.5, for which we

5

Figure 6: Left: Energy spectra in five declination ranges [15, 16]. The red dashed reference lines show the
best-fit function for the common spectrum [−84.8◦, +24.8◦]. The green dashed lines account for the impact
of dipole anisotropies in each band. Right: Corresponding residuals and expectations.

statistically significant dependence of the flux with declination from the south celestial pole up to
+44.8◦ has been found, apart from the minor trend that is consistent with the well-established dipolar
anisotropy in arrival directions. The quasi-uniformity of the spectra across declination disfavors
the new spectral feature arising from a few sources having different characteristics

3.2 The mass composition of UHECRs and its interplay with hadronic interactions

A notable finding is the intricate evolution of the mass composition of ultra-high-energy
cosmic rays (UHECRs), as evidenced by a thorough examination of quantities such as the depth of
shower maximum, 𝑋max. Through the collection of more data and the employment of increasingly
sophisticated analytical techniques, more detailed information is being revealed, thereby enhancing
the robustness of the general picture of UHECR mass composition.

Due to significant shower-to-shower fluctuations, 𝑋max cannot be used reliably to determine
the mass of a primary cosmic ray on an event-by-event basis. Instead, 𝑋max measurements within a
narrow energy interval are combined into distributions whose statistical moments provide estimates
of the average mass composition. Since the most recent reporting of combined 𝑋max measure-
ments [18], the Phase-I FD hybrid 𝑋max analysis has been completed, and a Universality-based SD
reconstruction as well as an SD DNN reconstruction have been performed (see Ref. [8] for more
details). A detailed description of the Universality method and its results is provided in separate
proceedings [19]. The updated FD hybrid analysis [20] significantly enhances both statistics and
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analysis was calibrated using the old FD hybrid reconstruction to remove the e!ects of the hadronic84

interaction model it was trained on, it also inherited the old FD 𝐿max scale and the ↓ 5 g/cm285

di!erence. Notably for 𝑀 (𝐿max), no di!erence is seen between the 2014 FD measurement and the86

new results; however, there is an apparent di!erence with the SD DNN. The FD result consistency87

rules out changes in FD analysis as a cause. Instead, the di!erence is likely due to the large SD88

DNN systematic uncertainties in 𝑀 (𝐿max) and residual model or methodological dependencies.89

The most up-to-date summary of the latest 𝐿max measurements made using FD Hybrid [4],90

SD [5, 6], and AERA [7, 13] data are shown together in Fig. 2. Preliminary measurements from91

High Elevation Auger Telescopes (HEAT) [14] are also included. Despite progressive updates92

to reconstruction methods that introduce varying 𝐿max scales in the FD, HEAT, AERA, and SD93

measurements, the →𝐿max↑ values obtained show outstanding consistency at all energies. 𝑀 (𝐿max)94

is more complex and the 18.6–18.7 lg(𝑁/eV) energy bin of the hybrid data in particular stands out.95

This energy bin contains a deep outlier event. Its removal would decrease 𝑀 (𝐿max) by ↓ 2 g/cm296

bringing the moment closer to the overall trend (see [4] for details). Additionally, 𝑀 (𝐿max) for SD97

Universality has been omitted due to ongoing work correcting for its resolution (see [5]).98

The Overall picture of Mass Composition99

Much information on the mass composition of UHECRs can be gleaned directly from the moments100

of 𝐿max shown in Fig. 2. That said, it is useful to process the 𝐿max moments and distributions further101

to extract a fuller picture. Two practical approaches are to transform the moments of 𝐿max into102

moments of ln(𝑂) (the logarithm of the primary mass) [15] and to fit the fractional contribution of103

di!erent mass groups to the flux using the 𝐿max distributions measured at each energy [16].104

From [15], the conversion of →𝐿max↑ and 𝑀 (𝐿max) into →ln(𝑂)↑ and 𝑃
(
ln(𝑂)) uses Hadronic105

Interaction Models (HIMs) to set the 𝐿max scale and parametrize its fluctuations as106

→ln(𝑂)↑ = →𝐿max↑ ↔ →𝐿max↑𝐿
𝑄𝑀

, (1)
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AERA [7] during Phase I. Preliminary measurements from HEAT [14] are also shown. Note: the systematic uncertainties
on →𝐿max↑ for the SD and FD are correlated.
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to extract a fuller picture. Two practical approaches are to transform the moments of 𝐿max into102

moments of ln(𝑂) (the logarithm of the primary mass) [15] and to fit the fractional contribution of103
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4

Figure 7: The mean (left) and the standard deviation (right) of 𝑋max distributions measured with the FD [22],
the SD [23, 28], and AERA [25] during Phase I. Preliminary measurements from HEAT [27] are also shown.

methodology, resulting in a Phase-I dataset containing more than twice the number of events used
in the initial publication from 2014 [21] and enabling additional energy bins at both low and high
energies. Because the DNN-based SD 𝑋max analysis was calibrated using the older FD hybrid
reconstruction to remove dependencies on the hadronic interaction model used for training, it con-
sequently inherits the previous FD 𝑋max scale, including the resulting ∼ 5 g/cm2 offset, while the
Universality approach is calibrated by means of the current FD data.

The most recent measurements of 𝜎(𝑋max) agree with the 2014 FD results, but a discrepancy
appears when compared with the SD DNN, which is likely attributable to the larger SD systematic
uncertainties of about 10 g/cm2 and remaining model or methodological dependencies [22, 23]. A
comprehensive summary of the latest 𝑋max measurements from FD Hybrid [24], SD [19, 23], and
AERA [25, 26], along with preliminary HEAT results [27], is presented in Fig. 7. Despite updates
to reconstruction methods across FD, HEAT, AERA, and SD datasets, the measured values of
⟨𝑋max⟩ remain highly consistent over all energies. The behavior of 𝜎(𝑋max) is more intricate, with
the hybrid data showing an outlier in the energy bin log10(𝐸/eV) ∈ [18.6, 18.7] whose removal
would reduce 𝜎(𝑋max) by about 2 g/cm2 and better align it with the overall trend. Furthermore,
𝜎(𝑋max) from the SD Universality method is not shown due to ongoing resolution corrections.

The moments of 𝑋max already convey substantial information about the mass composition of
UHECRs, but additional processing is required to obtain a more comprehensive understanding. One
useful strategy is to convert the moments of 𝑋max into moments of ln 𝐴, following the method of
Ref. [29], while another involves fitting the fractional contributions of different mass groups using the
measured 𝑋max distributions in each energy bin [30]. The transformation of ⟨𝑋max⟩ and 𝜎(𝑋max)
into ⟨ln 𝐴⟩ and its variance 𝑉 (ln 𝐴) relies on hadronic interaction models to set the 𝑋max scale
and describe its intrinsic fluctuations. These conversions introduce model-dependent quantities
such as the proton and iron nuclei expectations for 𝑋max, the variance associated with shower
development, and further parameters, which appear in the formalism. Applying this procedure
to FD, SD–DNN, and HEAT data with EPOS-LHC [31], Sibyll 2.3d [32], and QGSJet-II.04 [33]
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where →𝐿max↑𝐿 is the mean 𝐿max for protons at the relevant energy in the chosen HIM, and107

𝑀𝑀 = (→𝐿max↑𝑁𝑂 ↓ →𝐿max↑𝐿)/ln(56). 𝑁 (
ln(𝑂)) , in turn, is calculated as108
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(→ln(𝑂)↑) is the HIM prediction of the 𝐿max variance for the →ln(𝑂)↑ value found at this109

energy, and 𝑃2
𝐿 is the HIM 𝐿max variance prediction for proton; 𝑄 is a fit parameter. This procedure110

is applied to the FD [4], SD DNN [6], and HEAT [14] results in Fig. 2 using EPOS-LHC, Sibyll 2.3d111

and QGSJET-II.04. The resulting moments of ln(𝑂) are shown in Fig. 3.112
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As can be seen, the first and second moments of 𝐿max and ln(𝑂) provide a clear summary113

of the overall UHECR composition. However, they do not o!er a clear picture of the individual114

contributions of distinct mass groups. By generating templates of the 𝐿max distributions for proton,115

helium, nitrogen, and iron with HIMs, and then fitting a superposition of these templates to the116

measured 𝐿max distributions at each energy, estimates of the fractional abundances of each mass117

group can be extracted [16]. This procedure has been applied to the Phase I hybrid FD data in [4]118

and preliminary HEAT data in [14], resulting in the fractional fits shown in Fig. 4.119

In addition to the above methods, there are other techniques, for example the comparison120

of SD signals in 𝐿max (see [20]) and close examinations of the energy evolution of →𝐿max↑ and121

𝑃 (𝐿max) [21], which can inform trends without reliance on HIMs for interpretation. By applying122

all these approaches to the accumulated data from Phase I of the Observatory, a clear and consistent123

picture of the mass composition of UHECRs emerges. Above 1017.2 eV, the arriving composition124

of the UHECR flux can be generally characterized by the following principal behaviors:125

1. Predominantly hadronic primaries: Nearly all UHECR primaries are protons or heavier126

ionized atomic nuclei, as no definitive observations of other particle types have yet been127

made [22–24].128

2. Non-monotonic evolution with energy: As energy increases, the average nuclear mass first129

decreases, reaching its minimum near 3 EeV, and then rises steadily with energy. No clear130

plateau in the upper mass has been observed yet (Fig. 3 left) [4].131

3. Structured evolution with energy: The evolution of 𝐿max with energy shows significant132

structure with changes seen around 2 EeV with the FD [4, 12] and 6.5 EeV, 11 EeV, and 31 EeV133

with the SD ([5, 21]).134
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Figure 8: The first raw and second central moments of the ln 𝐴 distributions obtained from the FD [24] and
SD Phase-I [23] 𝑋max data shown in Fig. 7, using the hadronic interaction models QGSJet-II.04 (grey) [33],
EPOS-LHC (blue) [31], and Sibyll 2.3d (red) [32]. These model-dependent transformations illustrate how
different hadronic interaction models map the observed 𝑋max moments into corresponding mass-composition
moments.

yields the corresponding moments of ln 𝐴 shown in Fig. 8. Although these moments effectively
summarize the average composition, they do not directly reveal the contributions from individual
mass groups. To extract such information, templates of the 𝑋max distributions for protons, helium,
nitrogen, and iron nuclei are generated using hadronic interaction models and fitted to the observed
distributions in each energy bin. This fitting procedure has been applied to both the hybrid FD
dataset of Phase-I and preliminary HEAT measurements, as illustrated in Fig. 9. An extension to
this method allows for estimating the proton-air cross-section as discussed in [34]. The resulting
estimates depend strongly on the chosen hadronic interaction models, and continuing developments
in these models are expected to modify both the 𝑋max scale and its energy dependence. Despite these
uncertainties, additional complementary techniques, such as comparisons of SD signals sensitive
to 𝑋max and detailed studies of the energy evolution of ⟨𝑋max⟩ and 𝜎(𝑋max), help clarify trends
without relying entirely on hadronic models. When all available methods and datasets from Phase I
are synthesized, they collectively support a consistent picture of UHECR mass composition across
the accessible energy range. Above 1017.2 eV, the composition is predominantly hadronic, exhibits
a non-monotonic evolution with a minimum near 3 EeV, shows structured changes in 𝑋max with
energy, and becomes progressively less mixed at the highest energies, where narrow mass groups
increasingly dominate the flux. In addition to the previously reported muon deficit using, for
example, inclined air showers in the prediction of hadronic interaction generators [4], vertical
showers are also used to identify deficits in simulations.

The combined Surface and Fluorescence Detectors enable testing of hadronic interaction
models using the method described in Ref. [35], with the most recent updates to hadronic genera-
tors presented at this conference (EPOS-LHC-R, QGSJet-III-01 and SIBYLL-2.3e) incorporated.
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Figure 3: The first (left)
and second (right) mo-
ments of ln 𝐿 distributions
derived from the FD [4]
and SD Phase I [6] 𝑀max

moments in Fig. 2 using
QGSJet-II.04 (grey) [20],
EPOS-LHC (blue) [21],
and Sibyll 2.3d (red) [22].

𝑁𝐿 = (→𝑀max↑𝑀𝑁 ↓ →𝑀max↑𝑂)/ln(56). 𝑂 (
ln(𝐿)) , in turn, is calculated as

𝑂
(
ln(𝐿)) = 𝑃2 (𝑀max) ↓ 𝑃2

𝑃𝑄

(→ln(𝐿)↑)
𝑄 𝑃2

𝑂 ↓ 𝑁𝐿
2 , (2)

where 𝑃2
𝑃𝑄

(→ln(𝐿)↑) is the HIM prediction of the 𝑀max variance for the →ln(𝐿)↑ value found at this
energy, and 𝑃2

𝑂 is the HIM 𝑀max variance prediction for proton; 𝑄 is a fit parameter. This procedure
is applied to the FD [4], SD DNN [6], and HEAT [17] results in Fig. 2 using EPOS-LHC, Sibyll 2.3d
and QGSJET-II.04. The resulting moments of ln(𝐿) are shown in Fig. 3.
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Figure 4: UHECR fractional mass composition derived from
FD [4] and preliminary HEAT data[17]. Estimated using Sibyll
2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC. QGSJet-II.04 has been
omitted as it produces unphysical results (see Fig. 3 for example).
For details on the fits / analysis and fits with new models, see [4].

As can be seen, the first and sec-
ond moments of 𝑀max and ln(𝐿) pro-
vide a clear summary of the overall
UHECR composition. However, they
do not o!er a clear picture of the indi-
vidual contributions of distinct mass
groups. By generating templates of
the 𝑀max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured 𝑀max
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
used and that many new models and
model tweaks are under development,
which are expected to modify the
𝑀max scale and its variations mean-
ingfully. These, in turn, are expected

5

Figure 9: The fractional mass composition of UHECRs from FD [24] and preliminary HEAT [27] data
is estimated using Sibyll 2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC, while QGSJet-II.04 is excluded due to
unphysical results. Further details on the analysis methods and updated model fits can be found in [22, 24].

Update on testing of air-shower modelling Jakub Vícha
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Figure 6: The muon scale (𝐿𝐿) vs. 𝑀max measurement at the Pierre Auger Observatory using inclined
showers at energy →10 EeV from [21]. We estimate predictions between p and Fe nuclei for original models
of hadronic interactions (dashed lines) and for their shifted 𝑀max predictions by ω𝑀max (full lines).

all models are still unable to describe the measured data satisfactorily well in the energy range
1018.5↑19.0 eV. All models seem to predict too hard spectra of muons causing less steep attenuation
of the hadronic signal than is favored by the data. Yet, interestingly, the primary fractions found to
best describe the measurements are consistent between the older and new versions of the models,
when ω𝑀max and 𝐿had(𝑁) modifications of the simulated templates are assumed.

The results of our studies in various energy ranges are compatible with no energy dependence
of the modification parameters in the energy range 1018.4↑19.5 eV, which brings us to probe some
basic phenomenology consequences regarding the energy spectrum and the lack of predicted muon
scale compared to the direct measurement. For that, we assume a constant ω𝑀max o!set obtained in
1018.5↑19.0 eV and apply it in the model predictions on 𝑀max to the full energy range 1018.4↑19.5 eV.
As a consequence of this assumption, for all models the protons and helium nuclei seem to be
suppressed above the ankle energy. The nitrogen nuclei increase their fraction in the primary
beam above this energy up to the instep feature and start to steeply fade just beyond this energy.
Iron nuclei seem to increase their abundance towards the highest energies. In case of the ω𝑀max
modifications, the problem of models from direct muon measurements at 10 EeV is alleviated to the
level of 15-25% for older versions of the models, consistent with the result of [5] at lower energy
and zenith angles.

References

[1] P!"##" A$%"# collaboration, The Pierre Auger Cosmic Ray Observatory, NIM A 798 (2015) 172 .

[2] T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko and K. Werner, EPOS LHC: Test of collective
hadronization with data measured at the cern large hadron collider, PRC 92 (2015) 034906.

[3] S. Ostapchenko, Monte Carlo treatment of hadronic interactions in enhanced Pomeron scheme:
QGSJET-II model, PRD 83 (2011) 014018.

7

Figure 10: The muon scale 𝑅𝜇 versus 𝑋max
measurement at the Pierre Auger Observatory
using inclined showers at about 10 EeV, fol-
lowing Ref. [7], is shown together with pre-
dictions between proton and iron nuclei for
both the original hadronic interaction models
(dashed lines) and their 𝑋max-shifted counter-
parts (solid lines).

The model predictions are assumed to be adjustable
by two mass- and energy-independent parameters:
Δ𝑋max, which uniformly shifts the predicted depth of
shower maximum, and 𝑅had(𝜃), which rescales the
hadronic component of the ground signal measured
at 1000 m from the shower core. These corrections
allow us to phenomenologically tune simulations to
better match the data, without requiring changes to the
underlying hadronic interaction physics.

Although improvements in the description of the
measured ⟨𝑋max⟩ scale are visible in these recent ver-
sions of EPOS and QGSJet, all models still fail to fully
reproduce the data in the inspected range from 1018.5

to 1019.0 eV and results in extreme cases to values of
𝑅had(𝜃) ≃ 1.3 and Δ𝑋max ≃ 28g/cm2. Each model
predicts a muon spectrum that is too hard, resulting in
less steep attenuation of the hadronic signal than what
the experimental data favors.

Interestingly, the inferred primary mass composi-
tion remains consistent across model generations when Δ𝑋max and 𝑅had(𝜃) corrections are applied,
suggesting a robust phenomenological description despite underlying model flaws. No significant
energy dependence in these modifications was found in this energy range, allowing us to extrapolate
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14

Figure 8. Flux map at energies above 40 EeV with a top-hat smoothing radius  = 25� in Galactic coordinates. The
supergalactic plane is shown as a gray line. The blank area is outside the field of view of the Pierre Auger Observatory. The
complete Figure set (49 images), which shows the map as a function of energy threshold, is available in the online journal, in
the arXiv source file and on the website of the Pierre Auger Collaboration.

form of the identification of the origin of UHECRs, as
regular and turbulent magnetic fields traversed by these
charged particles could alter the anisotropic pattern ob-

served on Earth (e.g. Kotera & Lemoine 2008; Erdmann
et al. 2016; Farrar & Sutherland 2019; Bell & Matthews
2022).

Though the most significant deviation from isotropy
is found at energies around ⇠ 40 EeV for almost all the
analyses, the excess is also hinted at for all catalogs and
the Centaurus region at energies around ⇠ 60 EeV, as

shown in Figure 8 (see online material). Indeed, it was
in this higher energy range that the first indication of
anisotropy was found in early Auger data (Pierre Auger

Collaboration 2007). An interpretation of the energy
evolution of the signal on intermediate angular scales
could be drawn in terms of maximum energy achieved

for higher-charge nuclei. In a Peters’ cycle scenario such
as discussed in Section 5, the evidence for anisotropy
above ⇠ 40 EeV would be interpreted as stemming from
CNO nuclei, which would suggest Z ⇡ 10 � 12 nuclei

to be responsible for the departure from isotropy above
⇠ 60 EeV. The estimate of maximum rigidity used here
is based on the combined fit of spectrum and depth of

shower maximum performed in Pierre Auger Collabora-
tion (2017c). The direct inclusion in such analyses of
arrival-direction information will enable us to test more
directly this scenario. If this scenario of local extragalac-

tic sources is extrapolated to lower energies, one could
expect a contribution from He nuclei (see e.g. Lemoine

& Waxman 2009) in the energy range where a signifi-
cant dipole, but no significant quadrupole has been re-
ported using data from the Observatory. The strength

of such an anisotropic contribution could nonetheless
be further diluted in the contribution from more dis-
tant sources. We foresee that an in-depth comparison
could be drawn studying the evolution of the large-scale

dipolar and quadrupolar components as a function of
energy.9 Alternatively, a more model-dependent but
also more-constrained approach could exploit full-sky

flux-limited catalogs encompassing galaxies out to the
cosmic-ray horizon at the ankle energy.

At this stage, it is not possible to make claims on

which are the sources of the highest energy particles
known in the Universe. This is in part due to the de-
flection they su↵er in magnetic fields. Identifying the
sources of UHECRs indeed runs parallel to deducing

properties of Galactic and extragalactic magnetic fields,
and constraints on one of these will enhance our un-
derstanding of the other. An important step will be

taken through the inclusion of composition-sensitive ob-
servables in arrival direction studies. This will be done

9 We checked that no significant large-scale deviation from isotropy
can be inferred from arrival-direction data in the energy range
covered here, with constraints on the dipolar and quadrupolar
components not in tension with those expected from best-fit
catalog-based models (as inferred e.g. for the 2MASS Redshift
Survey in di Matteo & Tinyakov 2018).

A composition-informed search for large-scale anisotropy with the Auger Observatory Geraldina Golup
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Figure 4: Expected dipole amplitude as a function of energy for the “light” (red) and “heavy” (blue)
populations using mass estimators reconstructed with air-shower universality (Univ, empty circles) and deep
learning (DNN, filled triangles). The black circles are the dipole amplitudes from data and the red (blue)
dashed lines are the predicted amplitudes for proton (iron) with the model assumed in this work.

Universality DNN
𝐿 𝑀tot Population ln 𝑁Univ

th fraction SMD 𝑂19,DNN
max,th fraction SMD

[EeV] [%] [g cm→2] [%]

[8-16] 28612
“light” →0.6 19.5

2.7
793 21.9

3.3
“heavy” 2.0 50.0 741 36.8

[16-32] 8024
“light” →0.2 13.4

3.4
790 14.6

4.3
“heavy” 2.2 57.0 740 48.4

>32 2136
“light” 0.0 8.7

2.3
781 9.1

3.2
“heavy” 3.4 46.3 722 47.7

Table 1: Optimal thresholds, ln 𝑁Univ
th and 𝑂19,DNN

max,th , and fractions of events for the “light” and “heavy” pop-
ulations, for each energy bin, using mass estimators reconstructed with Universality and DNN, respectively.
The total number of events, 𝑀tot, considered in this work, for each energy bin and the SMD values obtained
are also included.

in the total dipole amplitude between these two populations in each energy bin, employing two
di!erent mass estimators derived from the surface detector data. The results indicate a positive
prospect for such a detection. When applying this model to data, it is necessary to correct for
spurious modulations in 𝑂max caused by weather and geomagnetic e!ects, similar to the energy
corrections performed in standard large-scale anisotropy analyses. The implementation of this
analysis on data is currently in progress.

7

Figure 11: Left: Flux map at energies above 40 EeV filtered with a top-hat smoothing radius of Ψ = 25◦

in Galactic coordinates [36]. The supergalactic plane is shown as a grey line. The blank area falls outside
the Pierre Auger Observatory’s field of view. Right: Black circles represent the dipole amplitudes measured
from data. Expected dipole amplitude as a function of energy shown for “light” (red) and “heavy” (blue)
mass groups using universality-based mass estimators (open circles) and deep-learning estimators (DNN,
filled triangles). Predicted amplitudes for proton and iron primaries are indicated by the red and blue dashed
lines, respectively.

model predictions across the full range and examine spectral features like the ankle and instep.
Under a constant Δ𝑋max correction, the proton and helium fractions are suppressed above

the ankle, the nitrogen peaks near the instep, and the iron component rises towards the highest
energies, indicating a progressively heavier composition at the highest energies. Fig. 10 illustrates
the mitigation of the muon deficit for the measurements of [7] at zenith angles 62◦ ≤ 𝜃 ≤ 80◦, by
shifting the original model predictions (dashed lines) according to theΔ𝑋max values obtained in [35].
After this correction, the models underestimate the muon scale by only 15–25%, which is consistent
with the values reported in [8, 35] for 𝜃 ≤ 60◦. The updated EPOS-LHC-R model predicts a larger
muon yield at high zenith angles, thereby improving the agreement with the measured muon size
in inclined showers. This reinforces the idea that, although progress is being made, there is still a
need for fundamental improvements in hadronic interaction modelling.

3.3 Arrival Directions of UHECRs

The Auger Observatory conducts numerous searches for small- and intermediate-scale aniso-
tropies using methods such as localised excess searches, autocorrelation studies, and correlations
with large-scale structures. Likelihood-ratio analyses comparing UHECR arrival directions with
flux patterns expected from astrophysical catalogs by contrasting against isotropy reveal the strongest
correlation for starburst galaxies. Catalog-based searches and searches focused on the Centaurus
region both indicate that the most significant signals arise above an energy threshold of approxi-
mately 40 EeV as seen in Fig. 11 (left) [36]. The clearest evidence for an extragalactic origin of
UHECRs above 8 EeV arises from the large-scale dipole, whose direction lies 113◦ away from the
Galactic center [37]. The dipole amplitude increases with energy, likely due to a combination of
a more prominent contribution from nearby, anisotropically distributed sources and the rise of the
average primary mass (see Fig. 11, right). When astrophysical scenarios inferred from the energy
spectrum and mass composition are considered, the observed dipole amplitude is compatible with
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Figure 14. The upper limits to the integral photon flux above a threshold energy Eth
ω 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).

Di!use 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 of magnitude above these cosmogenic
fluxes. However, the expected di!use gamma-ray flux from proton-proton interactions in
the galactic halo [76] is shown to be within the reach of the upper limits obtained in this
work. Moreover, 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 particles [26]. In the above-mentioned figure, we show the predicted di!use
fluxes in several scenarios: assuming decay channels into hadrons, a mass MX = 1010 GeV
and a lifetime ωX = 3 → 1021 yr [77]; MX = 1012 GeV and ωX = 1023 yr [77]; and assuming
decay into leptons, a mass MX = 1010 GeV and a lifetime ωX = 3 → 1021 yr [27]. Further
sensitivity provided by the next 10 years of data taking will allow us to constrain the pa-
rameter space of the discussed models thanks to an expected improvement in the upper
limits by a factor larger than 20.

– 20 –

Search for Ultra-High-Energy Neutrinos at the Pierre Auger Observatory with EM triggers Srijan Sehgal

Figure 4: Comparison of the limits (1 Jan 2004-31 Dec 2013 with ToT+TH triggers and 1 Jan 2014-31 Dec
2021 with All triggers) to the current upper limits on the di!use flux of UHE neutrinos. IceCube
limits from [10] are scaled for a 𝐿→2

𝐿 flux assumption. The predicted fluxes from a few cosmogenic
and astrophysical 𝑀 models are also shown.

Thanks to the improved EM triggers and updated discriminant methods, this analysis achieves a138

1.5-fold improvement at the most sensitive declinations compared to the DGL analysis with only139

ToT and TH triggers. These results are contextualized within the broader zenith-angle neutrino140

search program at Auger, including comparisons with limits from the DGH and ES channels in141

Fig. 5. The inclusion of ToTd and MoPS triggers increases the neutrino detection e"ciency at142

Auger between declinations 𝑁 ↑ (↓ →85↔,↓ 40↔), with a certain portion of the sky corresponding143

to 𝑁 ⊋ →68↔ only visible in the DGL channel in comparison to other analyses.144

6. Summary and Outlook145

The Pierre Auger Observatory o!ers a large exposure to UHE neutrinos. The detector is contin-146

ually improved to extend and enhance its detection capabilities. The analysis presented here quanti-147

fies one of these improvements by incorporating the triggers — Time-over-Threshold-deconvolved148

(ToTd) and Multiplicity-of-Positive-Steps (MoPS) — which were introduced to improve detection149

e"ciency to small signals induced by the electromagnetic component of the shower. This analysis150

presents updated searches for UHE𝑀s in the DGL zenith angle range 𝑂 ↑ [60↔, 75↔], incorporating151

all triggers. A novel selection built on an earlier analysis was introduced to search for neutrino152

candidates in 7 years of data. For the di!use flux, the enhanced selection e"ciency enabled a153

↗ 25% more stringent 90% C.L. upper limit, when compared to the previous selection, taking into154

7

Figure 12: Left: 95% C.L. limits on diffuse UHE gamma ray fluxes, in comparison with other experiments
and models (see [40, 41] and references therein). Right: 90% C.L. limits on diffuse UHE neutrino fluxes,
shown in integrated (lines) and differential forms, compared with models and other observatories (see [42, 43]
and references therein).

expectations from the matter distribution of the large-scale structure [37]. Simulations further show
that defining light and heavy cosmic-ray populations through a universality- or DNN-based mass
estimators enables the study of dipole behavior in mass-selective subsamples as shown in Fig. 11
(right) [38]. Such an analysis may reveal a measurable separation in the dipole amplitude between
light and heavy primary components.

The possible sky regions of origin for the highest-energy cosmic rays observed during Phase I
of the Pierre Auger Observatory were reconstructed through Galactic backtracking with constraints
on maximum propagation distance, employing both a single-event analysis and a likelihood-based
approach [39]. The single-event study shows that all but one event have at least one plausible
astrophysical counterpart within the 95% CL localization region, with the event PAO180812 gaining
plausible associations only when a 14% systematic energy shift is applied. The likelihood analysis
further indicates that most tested source catalogs are incompatible as dominant contributors above
100 EeV, suggesting that multiple source classes, significant EGMF deflections, or a contribution
from ultra-heavy nuclei may be required.

3.4 Multimessenger astrophysics

Cosmogenic particles originate from interactions between the highest-energy cosmic rays and
background photon fields, making them valuable probes of ultra-high-energy cosmic-ray physics.
Improved sensitivity to neutrinos and photons will enhance our ability to constrain properties of
UHECR sources, including their cosmological evolution [44]. Such sensitivity is also central to
multimessenger analyses, particularly in searches for point-like sources in both space and time.
These searches include correlations with transient astrophysical objects, such as binary neutron star
mergers studied in [45, 46].

Limits on neutrino and photon fluxes as shown in Fig. 12 additionally provide a means to
test extensions of the Standard Model of Particle Physics. For example, they allow investigations
of Lorentz invariance violation in extragalactic particle propagation [49]. They also contribute to
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Figure 6: Left: Upper limits at 95% C.L. on the coupling constant 𝐿𝐿 of a hidden gauge interaction as a
function of the mass 𝑀𝐿 of a DM particle 𝑁 (assumed to compose 100% of the observed DM abundance)
decaying into a dozen of 𝑂𝑂 pairs. From [25]. Right: Constraints on 𝑃𝑀 as a function of 𝑀𝐿 for three
di!erent values of the coupling constant 𝐿𝐿 and for 𝑄𝑁𝐿 = 10→5. The hatched-red region 𝑃𝑀 ↑ 9↓10→4 is
excluded from the constraint on ω𝑅e! (see text). From [26].

quantum number [27]. Assuming quarks and leptons carry this quantum number and so contribute
to anomaly relationships with contributions from the dark sector, they will be secondary products
in the decays together with the lightest hidden fermion. The lifetime of the decaying particle is
mainly driven by the instanton suppression factor that leads to [28] 𝑆𝐿 ↔ 𝑀→1

𝐿 exp (4𝑇/𝐿𝐿), with
𝐿𝐿 the reduced coupling constant of the hidden gauge interaction. Quite independently of the
hidden gauge interaction, the exact content in instanton-induced decays of quarks and leptons,
which will eventually produce hadrons decaying into gamma rays and neutrinos, obeys selection
rules that involve very large multiplicities. Constraints can be inferred in the plane (𝑆𝐿, 𝑀𝐿),
and subsequently in the plane (𝐿𝐿, 𝑀𝐿) by requiring the expected gamma-ray fluxes to be less
than the upper limits [25]. The constraints are shown in the left panel of Fig. 6. The dotted and
dashed-dotted lines illustrate systematic uncertainties stemming from “unknown unknowns” in the
exact particle-physics model for the dark sector that could give rise to additional factor in front of
the exponential in the relationship between 𝑆𝐿 and 𝐿𝐿.

Alternatively, a superheavy metastable particle can also result from the coupling between a
pseudo-scalar particle with sterile neutrinos embedded in an extended-seesaw framework [29]. In
this BSM extension, the DM particle 𝑁 interacts only with sub-eV and superheavy (1012→14 GeV)
sterile neutrinos, of masses𝑈𝑁 and 𝑀𝑁 respectively, via Yukawa couplings 𝑉𝑀 and 𝑉𝑂 . In the mass-
eigenstate basis, neutrinos 𝑊1 and 𝑊2 are then quasi-sterile or quasi-active respectively, depending
on the mixture of active and sterile neutrinos governed by a small mixing angle 𝑃𝑀 ↔

↗
2𝑉𝑀𝑋/𝑈𝑃 ,

with 𝑋 the electroweak scale and 𝑈𝑃 the mass of the known neutrinos. To leading order in 𝑉𝑀, quasi-
active neutrinos are produced from quasi-sterile ones subsequent to the decay of 𝑁 . Consequently,
the coupling 𝑉𝑀 controls the dominant decay channels and allows for trading a factor (𝑀𝐿/𝑀P)2

(with 𝑀P the Planck mass) for a (𝑈𝑃𝑃𝑀/𝑋)2 one in the decay width of 𝑁 . This trading enables
the reduction of the width by a factor ↘ 10→25𝑃2

𝑀 for a benchmark value 𝑀𝐿 = 109 GeV, leading
to the required lifetimes. Constraints in the planes (𝑆𝐿, 𝑀𝐿) and subsequently (𝑃𝑀, 𝑀𝐿) can be
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Figure 6: Left: Upper limits at 95% C.L. on the coupling constant 𝐿𝐿 of a hidden gauge interaction as a
function of the mass 𝑀𝐿 of a DM particle 𝑁 (assumed to compose 100% of the observed DM abundance)
decaying into a dozen of 𝑂𝑂 pairs. From [25]. Right: Constraints on 𝑃𝑀 as a function of 𝑀𝐿 for three
di!erent values of the coupling constant 𝐿𝐿 and for 𝑄𝑁𝐿 = 10→5. The hatched-red region 𝑃𝑀 ↑ 9↓10→4 is
excluded from the constraint on ω𝑅e! (see text). From [26].

quantum number [27]. Assuming quarks and leptons carry this quantum number and so contribute
to anomaly relationships with contributions from the dark sector, they will be secondary products
in the decays together with the lightest hidden fermion. The lifetime of the decaying particle is
mainly driven by the instanton suppression factor that leads to [28] 𝑆𝐿 ↔ 𝑀→1

𝐿 exp (4𝑇/𝐿𝐿), with
𝐿𝐿 the reduced coupling constant of the hidden gauge interaction. Quite independently of the
hidden gauge interaction, the exact content in instanton-induced decays of quarks and leptons,
which will eventually produce hadrons decaying into gamma rays and neutrinos, obeys selection
rules that involve very large multiplicities. Constraints can be inferred in the plane (𝑆𝐿, 𝑀𝐿),
and subsequently in the plane (𝐿𝐿, 𝑀𝐿) by requiring the expected gamma-ray fluxes to be less
than the upper limits [25]. The constraints are shown in the left panel of Fig. 6. The dotted and
dashed-dotted lines illustrate systematic uncertainties stemming from “unknown unknowns” in the
exact particle-physics model for the dark sector that could give rise to additional factor in front of
the exponential in the relationship between 𝑆𝐿 and 𝐿𝐿.

Alternatively, a superheavy metastable particle can also result from the coupling between a
pseudo-scalar particle with sterile neutrinos embedded in an extended-seesaw framework [29]. In
this BSM extension, the DM particle 𝑁 interacts only with sub-eV and superheavy (1012→14 GeV)
sterile neutrinos, of masses𝑈𝑁 and 𝑀𝑁 respectively, via Yukawa couplings 𝑉𝑀 and 𝑉𝑂 . In the mass-
eigenstate basis, neutrinos 𝑊1 and 𝑊2 are then quasi-sterile or quasi-active respectively, depending
on the mixture of active and sterile neutrinos governed by a small mixing angle 𝑃𝑀 ↔

↗
2𝑉𝑀𝑋/𝑈𝑃 ,

with 𝑋 the electroweak scale and 𝑈𝑃 the mass of the known neutrinos. To leading order in 𝑉𝑀, quasi-
active neutrinos are produced from quasi-sterile ones subsequent to the decay of 𝑁 . Consequently,
the coupling 𝑉𝑀 controls the dominant decay channels and allows for trading a factor (𝑀𝐿/𝑀P)2

(with 𝑀P the Planck mass) for a (𝑈𝑃𝑃𝑀/𝑋)2 one in the decay width of 𝑁 . This trading enables
the reduction of the width by a factor ↘ 10→25𝑃2

𝑀 for a benchmark value 𝑀𝐿 = 109 GeV, leading
to the required lifetimes. Constraints in the planes (𝑆𝐿, 𝑀𝐿) and subsequently (𝑃𝑀, 𝑀𝐿) can be
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Figure 13: The left panel shows the 95% C.L. upper limits on the hidden-gauge coupling constant 𝛼𝑋 as
a function of the dark-matter particle mass 𝑀𝑋, assuming that 𝑋 constitutes the full dark-matter abundance
and decays into multiple 𝑞𝑞 pairs [47]. The right panel presents the constraints on 𝜃𝑚 versus 𝑀𝑋 for three
choices of 𝛼𝑋 with 𝜆𝑁𝑚 = 10−5 , where the hatched red region 𝜃𝑚 ≥ 9 × 10−4 is excluded by limits on
Δ𝑁eff [48] (𝑁𝑚 being the number of sterile neutrinos and 𝑁eff the effective neutrino number).

constraining possible dark matter scenarios and interactions [47, 48] as shown in Fig. 13. Beyond
flux limits, the ability to detect upward-going air showers offers another channel for probing non-
standard physics [50, 51]. Furthermore, sensitivity to details of the shower development enables
tests of Lorentz invariance violation within extensive air showers themselves [52]. Altogether,
cosmogenic particles serve as a crucial bridge between UHECR observations, multimessenger
astrophysics, and searches for new physics.

4. The astrophysical picture

The experimental results challenge traditional astrophysical scenarios, particularly the long-
favored proton paradigm for ultra-high-energy cosmic rays (UHECRs). These measurements reveal
an unexpected astrophysical picture in which the energy evolution of the 𝑋max distribution char-
acteristics, particularly 𝜎(𝑋max), indicates that only a very limited mixture of nuclear species can
reach Earth. This, in turn, implies that UHECR nuclei must be emitted from their sources with
nearly monochromatic spectra, tightly constraining viable source scenarios.

Such behavior is compatible with hard power-law source spectra and low-rigidity cutoffs above
the ankle, with minimal source-to-source variation, cf. Fig. 14 and Ref. [53], where a low-energy
extragalactic light population with a soft spectrum at source describes the low energy tail. The high-
energy flux suppression would then stem from both propagation effects and the finite acceleration
power of sources. The contrast between the hard spectral index above the ankle and the much
softer one below it may arise from particle confinement in the source environment. In-source
interactions can further dictate the ordering of mass fractions at escape, influencing the observed
ordering at Earth. The hardness of the source spectrum above the ankle should not be directly
compared with expectations from Fermi acceleration because the modeled spectra describe escape
rather than acceleration. Identifying the proton fraction is essential for interpreting cosmogenic
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Figure 14: Results of the combined fit to the energy spectrum (𝐸 ≥ 1017 eV) and to the 𝑋max moments
(𝐸 ≥ 1017.8 eV) using the hadronic interaction model Sibyll 2.3d with a shape parameter Δ = 2 describing
the falloff of the rigidity cutoff (see Ref. [53] for details).

particle production and assessing in-source interaction efficiencies. Determining the mass fractions
of the heaviest nuclei at the highest energies is therefore a central objective of Phase II of the Pierre
Auger Observatory, as it is key to uncovering the nature of UHECR sources [18, 53].

5. The road ahead

To illustrate the potential of Phase II, a preliminary energy spectrum based solely on Phase
II data was presented at the conference. The spectrum was derived from vertical Phase-II events
recorded between April 1, 2023 and March 1, 2025. It was reconstructed entirely using the
Phase-I analysis framework, as shown in Fig. 15. This reuse of the original procedure including
the lateral distribution function, attenuation with zenith-angle, energy calibration, and detector
response was enabled by the backward compatibility of the upgraded Water-Cherenkov Detectors.
The resulting Phase-II exposure is (9200 ± 300) km2 sr yr, approximately 10% of the Phase-I
exposure. A statistical analysis of the Phase-I and Phase-II spectra indicate consistency between
the two datasets [16]. Fitting the Phase-II spectrum with the Phase-I model produces spectral
parameters compatible within statistical uncertainties. Overall, this early analysis shows that only
minor modifications to the reconstruction will be required before combining Phase-I and Phase-II
data into a single, full-exposure spectrum.

AugerPrime is now fully operational and the final steps of commissioning its physics data
sets are under way, marking the start of a new analysis era. The upgrade enables mass-sensitive
studies of anisotropies in the arrival directions of ultra-high-energy cosmic rays in a multi-hybrid
fashion [9] and also provides significantly improved precision for testing and constraining hadronic
interaction models. With the enhanced capabilities, the mass composition of UHECRs can be
probed to energies beyond the observed break due to the suppression in the spectrum. In parallel,
the experiment is expected to deliver either direct measurements or markedly tighter limits on neutral
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Figure 4: Combined spectrum using events arriving
with zenith angle up to 80→ observed at declinations
from the south celestial pole up to +44.8→. The
systematic flux uncertainty is shown as a shaded
band.
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Figure 5: Preliminary spectrum using events arriv-
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second phase of Auger. The spectrum of Phase I is
shown for comparison.

To assess the significance of the instep with the larger dataset currently available, we sampled
energies from a reference model, which contained a slow suppression instead of the instep. We
fitted the sampled data with the reference model and alternative one containing the instep and built
a test statistic as the ratio of their respective likelihoods. The estimated significance is based on the
number of times the sampled test statistic is greater than the one calculated by fitting the observed
data. The test statistic was larger than the observed value (𝐿obs ↑ 35) in only two out of 108

simulations, corresponding to a significance of 5.5𝑀.

5. Preliminary Phase II spectrum

In this section, we present a preliminary spectrum built from vertical events observed during
the second Phase of the Auger Observatory, using data recorded from April 1, 2023, to March 1,
2025. To provide this first view of the Phase II spectrum, we reconstructed the events using the
Phase I setup. For example, we applied the same lateral distribution function, attenuation with
zenith angle, energy calibration, and detector response model used to unfold the spectrum. We
also use the same method as in Phase I to select spectrum events, excluding periods of unstable
data-taking, and to calculate the exposure. The exposure during the data-taking considered was
(9200 ± 300) km2 sr yr, about 10% of the Phase I spectrum. Reusing the Phase I analysis was
possible because the upgrade of the Observatory was designed so that water-Cherenkov detectors
were backwards compatible.

We show in Fig. 5 the spectra of Phase I and II. We evaluated the consistency of Phase I and
Phase II spectra with a Fisher’s test that combines chi-square tests for bins with many events with
exact binomial tests for bins with few events [15]. We assumed a systematic uncertainty of 1%

7

Figure 15: Preliminary spectrum using events arriving with zenith angle up to 60◦ recorded in Phase II
(green markers). The spectrum of Phase I is displayed for comparison (red markers) [16].

particles, while expanding searches for physics beyond the Standard Model. The rich Phase-II data
set, together with a more reliable mass-scale calibration, will allow refined investigations of the
various components of extensive air showers. Finally, the insights gained from AugerPrime will be
applied to a re-analysis of the Phase-I data, further strengthening the overall scientific reach of the
Observatory.

The wealth of scientific findings is not limited to the results discussed here. Further in-
vestigations covering other areas of research such as cosmogeophysics [54], space weather [55],
outreach [56] or the development of new detectors (see e.g. [57, 58]) make the Observatory a
long-term scientific flagship facility that extends far beyond astroparticle physics.
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