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For over twenty years, the Pierre Auger Observatory has been at the forefront of ultra-high-energy
cosmic ray (UHECR) research. Its emblematic hallmark is a hybrid design: UHECRs are detected
through complementary techniques that observe the extensive air showers (EASs) they produce.
The combined analysis of multi-detector data has enabled high-precision, high-statistics studies
of the energy spectrum, mass composition, and arrival direction distribution of UHECRs. This
contribution summarizes the current understanding of UHECRs. While no individual sources
have been pinpointed, the extragalactic origin of cosmic rays above 8 EeV has been confirmed,
and higher-energy observations are beginning to trace them back to nearby astrophysical sites.
Additionally, the stringent upper limits established on ultra-high-energy neutrino and gamma ray
fluxes provide important constraints for multi-messenger astrophysics and physics beyond the
Standard Model (BSM).
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The science of ultra-high energy cosmic rays after 20 years of operation of the Pierre Auger Observatory

1. Introduction: The Pierre Auger Observatory

The Pierre Auger Observatory [1] has been a cornerstone of astroparticle physics for over
twenty years. Despite its maturity, it continues to generate rich datasets that illuminate not only the
origin of UHECRs but also high-energy hadronic interactions, multi-messenger astrophysics, BSM
physics, and atmospheric electricity phenomena.

Initially designed as a 3,000 km? array for detecting cosmic rays above 10 EeV via particle
detectors and surrounding fluorescence telescopes, the Observatory has been enhanced in numerous
ways. These include more sensitive triggers and additional detector installations, expanding its
capabilities. Nested particle arrays now allow measurements of the energy spectrum and large-scale
anisotropies down to a few tens of PeV. Radio detection and underground muon detectors provide
insight into EAS development. Hybrid data streams enable searches for high-energy gamma rays at
lower thresholds, and traditional particle and fluorescence detectors can detect transient luminous
events and emissions of light due to electromagnetic pulse sources during specific thunderstorms.

After years of operation, a major upgrade was required. This effort builds on a key finding: the
bulk of UHECRS consists of nuclei that become heavier with increasing energy above 1.5 EeV [2],
overturning the long-standing pure proton paradigm. That model could have explained the ankle
and high-energy suppression in the UHECR spectrum and relied on the assumption that accel-
eration acts primarily on hydrogen nuclei. Observations have however revealed a more complex
mass composition including heavier nuclei, although the exact elemental species above > 30 EeV
remain uncertain. The upgraded detectors are designed to measure muonic and electromagnetic
EAS components in detail, aiming to determine the proportion of intermediate (~CNO)-to-heavy
(~Si,~Fe) nuclei at the highest energies. This will help identify the astrophysical mechanisms
responsible for particle acceleration.

Another significant achievement of the Observatory is calorimetric energy estimation of EASs,
even for events recorded solely by surface detectors. The water-Cherenkov array, deployed over
3,000 km? in a 1500 m triangular grid, operates quasi-continuously, supplemented by denser infill
arrays with lower energy thresholds. These are complemented by 27 fluorescence telescopes that
detect UV light from nitrogen molecules excited by ionization electrons left after the passage of EAS
particles. Fluorescence measurements enable nearly model-independent energy determination, but
can only operate on clear, dark nights (~ 15% duty cycle). Hybrid events observed simultaneously
by both detector types allow for energy calibration of the surface array, bypassing uncertainties in
primary mass and hadronic interactions that would otherwise be necessary.

In this contribution, energetics, mass composition and arrival directions results will be reviewed
to draw the general astrophysical picture of UHECRSs after 20 years of operation of the Pierre Auger
Observatory as well as to discuss some implications for multi-messenger and BSM physics.

2. Energetics, mass composition and arrival directions of UHECRs

The all-particle energy spectrum above 2.5 EeV demonstrates the power of multi-data-stream
analyses. Using data from both “vertical” (zenith angle less than 60°) and “horizontal” (zenith angle
between 60° and 80°) streams and energy calibration from fluorescence telescopes, the combined
spectrum (Fig. 1) is consistent across independent measurements within systematics [3]. In addition
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to the previously established ankle (~ 5 EeV) and suppression (~ 50 EeV), a steepening at ~ 10 EeV
(the instep) is now revealed at a significance above 5 o~. Within the statistics, the energy spectra are
indistinguishable across declinations from —90° to +44.8° . Importantly, this all-particle spectrum

does not rely on any assumption about primary mass.
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is the most robust mass-
Fig. 2
shows the mean value of X,,,x and its
fluctuations from fluorescence mea-
surements [4]. Between ~ 150 PeV
and 2 EeV, (Xmnax) increases by
~77 g em™? per energy decade, larger
than the expected ~60 g cm~2 for con-
stant mass, implying the mean mass
becoming lighter. Above 2 EeV, the
growth rate drops to ~26 g cm™2 per
decade, signaling a heavier composi-
tion, corroborated by decreasing fluc-

tuations. Template fits (see next sec-
tion below) of four mass groups con-
firm a transition to heavier nuclei be-
yond the ankle [4].

Magnetic deflections over wide

Figure 1: Energy spectrum scaled by E? (energy flux) across
declinations [—90°, +44.8°]. The number of events corrected for
detector effects is indicated in each bin. The red band stands
for the systematic uncertainties while the dotted line indicates
the best-fit function described by the spectral features given with

their statistical and systematic uncertainties. From [3]. angles obscure the location of source

signals, producing modest anisotropy.
Harmonic analysis in right ascension reveals a dipole that shifts direction around 2 EeV [5], po-
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Figure 2: Measurements of {Xpax)(left) and o-(Xpax) (right) compared to model predictions for protons and
iron nuclei from EPOS-LHC, Sibyll 2.3c, and QGSJetII-04. From [4].
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Figure 3: Left: First harmonic amplitude and phase in right ascension vs. energy [5]. Right: UHECR
intensity above 38 EeV in Galactic coordinates, filtered at 25°, showing the supergalactic plane (dashed line).
From [6].

tentially indicating a transition between genuine signals [7, 8]. Above 8 EeV, a significant dipole
points to (a,d) = (99°,-23°), consistent with an extragalactic origin [9]. Propagation through
Galactic magnetic fields brings flux-weighted dipoles from the 2MRS galaxy catalog within ~ 20
of the observed signal. At the highest energies (> 38 EeV), arrival directions show correlations with
nearby starburst galaxies and jetted AGN, with significances of 4.20- and 3.30, respectively [6].

3. Astrophysical picture

These findings revise the early 1990s vi-
sion of UHECRs. The spectrum is shaped
by multiple nuclear species, with maximum
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composition within a given energy range,
with E7% ~ 57 EeV. Hard ejection spectra
are inferred to reproduce these features [11].
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the 10 EeV instep reflects the interplay of Figure 4: Energy density from the benchmark source
He and CNO contributions during propaga- scenario described in the text. From [10].

tion [10].

Modeling composition and spectra above 1 EeV constrains UHECR production rates. The
Centaurus region dominates the observed anisotropy, suggesting the main sources lie in nearby
astrophysical structures. Propagation from ~ 50 brightest starburst galaxies within 250 Mpc
reproduces arrival directions above 40 EeV [12], favoring the starburst galaxy scenario at 4.50.
Those observables can constrain the burst rate of transient sources and hence bracket potential
source candidates [13].
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4. Multi-messenger astronomy and BSM physics from sensitivity to UHE gamma

rays and neutrinos

oy TR

Upper Limits at 95% C. L.
Auger UMD + SD 433 m (2024)
Auger HECO + SD 750 m (2022)
Auger Hybrid (2024)

Auger SD 1500 m (2019)
Telescope Array (2021)

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

Model Predictions

Cosmogenic (proton - pure GZK) (Kampert 2012)
Cosmogenic (proton - best-fit to Auger spectrum)

==+ Low-lumin. BL Lac (Rodrigues 2021)
==+ == Starburst Galaxies (Condorelli 2022)

Cosmogenic (mixed - best-fit to Auger spectr. & cOmpos.) == === Magnetars from BNS (Fang 2017)

=== AGN (Murase 2014)

1074+

10-54

10-6

Pierre Auger
(2022)

£100

£10000

1000

10

E? dN/dE (EeV km~2 yr~! sr71)

Integral Photon Flux for E > Eq [km=2 sr~1 yr~1]
/
E? dN/dE (GeV cm™2 571 sr71)

104 R K single flavor [
s . ) 0.5 decade logioE

107 101 100 10 10v7 10% 102

Photon Energy Threshold Eq [eV]

1c21
Energy (eV)

Figure 5: Left: 95% C.L. limits on diffuse UHE gamma ray fluxes, compared with other experiments and
models. From [14] Right: 90% C.L. limits on diffuse UHE neutrino fluxes, shown in integrated (lines) and
differential forms, compared with models and other observatories. From [15].

Multi-messenger astronomy leverages cosmic rays, neutrinos, gamma rays, and gravitational
waves alongside traditional observations of electromagnetic wavelengths. The Observatory shows
sensitivity to UHE gamma rays and neutrinos. Non-observation of these up to now allows for
stringent upper bounds to diffuse fluxes to be inferred (Fig. 5) [14, 15], or to particular sources
to be constrained such as the neutron-star merger GW170817 that revealed electromagnetic coun-
terparts [16, 17]. Galactic sources of TeV gamma rays, if extending to 100 PeV, would produce
detectable fluxes; their absence suggests softer spectra or lower maximum energies [18]. Automated
triggers for gravitational wave alerts ensure rapid searches for neutrinos and gamma rays.

These limits are especially well suited to constrain BSM physics. Indeed, due to fragmentation
effects for particles with mass much larger than the electroweak scale and a fortiori the QCD
transition scale, high and UHE particles, including nucleons, electrons, neutrinos and gamma rays,
are expected to emerge from the cascade subsequent to the decay of a superheavy particle or to
the interaction of particles at high scale. Seminal works in the QCD sector [19-21] and in the
electroweak one [22] have paved the way for the calculation of the fragmentation functions to
derive the prompt flux of UHE gamma rays and neutrinos. Up-to-date fragmentation functions are
available from the public code HDMSpectra [23]. Prompt or secondary electron fluxes with energy
reaching 10'® GeV get rapidly attenuated in the Galaxy; however they may also source secondary
UHE gamma-ray fluxes from synchrotron emission [24, 25].

Superheavy particles must be extremely long-lived, 7x 2 10?2 yr, to be responsible for the relic
density of dark matter (DM) observed today. Only a handful of theoretical constructions can meet
these constraints without resorting to fine-tuning. Stability of superheavy DM particles could result
from a new quantum number conserved in the dark sector so as to protect the particles from decaying.
Nevertheless, even stable particles in the perturbative domain will in general eventually decay due
to non-perturbative effects (instantons) in non-abelian gauge theories. Instanton-induced decay can
thus make observable a dark sector that would otherwise be totally hidden by the conservation of a
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Figure 6: Left: Upper limits at 95% C.L. on the coupling constant ax of a hidden gauge interaction as a
function of the mass Mx of a DM particle X (assumed to compose 100% of the observed DM abundance)
decaying into a dozen of g4 pairs. From [26]. Right: Constraints on 6, as a function of My for three
different values of the coupling constant ax and for Ay,, = 107>. The hatched-red region 6,,, > 9x107* is
excluded from the constraint on AN.g (see text). From [27].

quantum number [28]. 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 [29] 7y =~ Mil exp (4n/ay), with
ax 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 (tx, Mx),
and subsequently in the plane (ax, Mx) by requiring the expected gamma-ray fluxes to be less
than the upper limits [26]. 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 Ty and ay.

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 [30]. In
this BSM extension, the DM particle X interacts only with sub-eV and superheavy (10'2~!4 GeV)
sterile neutrinos, of masses m  and My respectively, via Yukawa couplings y,,, and y,s. Inthe mass-
eigenstate basis, neutrinos v; and v, are then quasi-sterile or quasi-active respectively, depending
on the mixture of active and sterile neutrinos governed by a small mixing angle 6,,, =~ V2y,,v/m,,
with v the electroweak scale and m,, the mass of the known neutrinos. To leading order in y,,, quasi-
active neutrinos are produced from quasi-sterile ones subsequent to the decay of X. Consequently,
the coupling y,, controls the dominant decay channels and allows for trading a factor (Mx/Mp)?>
(with Mp the Planck mass) for a (m,.6,,/v)? one in the decay width of X. This trading enables the
reduction of the width by a factor ~ 1072°62, for a benchmark value Mx = 10° GeV, leading to the
required lifetimes. Constraints in the planes (7x, Mx) and subsequently (6,,,, Mx) can be derived
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from the non-observation of UHE gamma-rays and neutrinos at the Observatory [14, 15]. Results
are shown in the right panel of Fig. 6 for three benchmarks of coupling constants; angles within the
cross-hatched or colored regions are excluded. Color-coded regions pertain to Ay,, = 107> while
their extension (in cross-hatched) would require smaller values of Ap;,,. The restricted ranges of
My for different ax values come from the requirements not to overclose the universe with DM,
while the exclusion hatched band comes from not altering the expansion history of the universe
with the presence of ultra-light species such as sterile neutrinos N,,. Should the effective number
of neutrinos depart significantly from 3 in future cosmological observations, our constraints would
then be decisive in determining whether the new physics thus revealed by cosmology is intimately
related to that of super-heavy DM particles.

Finally, the neutrino-nucleon scattering cross-section is a BSM laboratory at UHE. In the Stan-
dard Model, it increases with the energy of the incoming neutrino. Consequently, UHE neutrinos
may only propagate through the Earth for relatively short distances of the order of O(100) km.
Motivated by two “anomalous” radio pulses observed with the ANITA instrument compatible with
EASs developing in the upward direction and inconsistent with SM expectations [31], a dedicated
search for upward-going EASs at zenith angles exceeding 110° and energies £ > 10% GeV has
been performed using the Fluorescence Detector of the Observatory [32]. One event candidate has
been found, consistent with an expected background of 0.27 + 0.12 events from mis-reconstructed
UHECR showers. Upper bounds on the integral flux of (7.2 +0.2) x 1072! cm™2 sr™! yr~! and
(3.6+0.2) x 10729 cm~2 sr~! yr~! have been derived for E~! and E =2 spectra, respectively. These
limits are stringent enough to exclude a physics origin of the two anomalous ANITA events.

5. And next

The near future of UHECR science will be the determination with the upgraded Pierre Auger
Observatory of the mass composition at UHE. The gradual increase with energy from CNO to Si
and possibly Fe group elements would confirm the minimal setup for UHECRs explained by a single
population of extragalactic sources above the ankle energy. In such a case, the Observatory would
have fulfilled its initial mission of providing answers to the nature of UHECRs from astrophysical
acceleration sites, and its data would be relevant for studying the origin, dynamics and energetics
of relativistic jets and compact objets, or for the astrophysics of magnetized plasmas in motion or
of strong gravity environments.

On the other hand, the presence of a sub-dominant component of protons would re-open the
good-old issue of acceleration at such high rigidities. A natural alternative to acceleration would
be BSM physics, and the various signatures in the sector of gamma rays and neutrinos would be
instrumental in deciphering which BSM physics is at play.
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