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The multi-messenger astronomy landscape
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Strong interplay between
different “cosmic” actors

Broader context is essential to
have a scientifically coherent
picture

Exploring and exploiting the
potential of these tools in
fundamental physics



Main actors in the Universe plot
- N s g Multi-Messenger astronomy
| | 4 with highest energy particles

Gravitational Waves:
Multi wavelength searches in
combination with mergers

— Charged CR:
magnetic fields deflection

— UHE photons:

limited horizon (local universe)
or hints for new physics
(SHDM, LIV)

— UHE neutrinos: probing
the most distant UHECR
sources. Elusive particles
need large exposure detectors
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The cosmic horizon for the Pierre Auger Observatory
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— UHE photons:
limited horizon (local universe)
or hints for new physics (SHDM, LIV)
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— Charged CR:
magnetic fields deflection
propagation effect (~100 Mpc at 10%° V)

UHECR total energy loss lengths
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— UHE neutrons: 15 min mean lifetime — 9.8 kpc (E/EeV)

— UHE neutrinos: probing the most distant UHECR sources. Elusive particles need large exposure



Auger: A 471 MM Observatory

® Neutrons and charged CRs: © < 80°

8 UHE Photons: 30° < © < 60°

8 Down-Going Neutrinos: 60° < © < 90°

@ Earth Skimming Neutrinos: 90° < © < 95°

® HE BSM Particles: © > 95°




UHE Photon induced cascades

Number of particles ‘Number of particles

Photon
primary

Photon EAS distintive signature:
Nucleus — delayed shower developement
— smaller muon content

observable characteristics:
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Auger SD photon search
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16 Candidates, consistent with the
expected background



Auger: Hybrid photon search

Muon content of the shower (universality):
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Auger photon search at lower energies

Above 5 10 6 eV: 10" - 10 eV
SD433 + UMD 19 stations FD HEAT + SD750
JCAP 05 (2025) 061 Astrophys. J. 933 (2022) 125
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Integral Photon Flux for E > E_[km? sr'yr]

Upper limits on diffuse photon flux Jonp 05 (2023) 021
Phys. Rev. D 110, 062005 (2024)

Upper Limits at 95 % C.L.

g ®  This Work: Auger Hybrid (2024) JCAP05(2025)061
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- Top-down model disfavored

- CR proton dominated scenario (also the most pessimistic cases) disfavoured

- constraining mass and lifetime of dark matter particles

- Auger Phase Il: additional information for better photon/hadron separation or photon discovery



Targeted searches: photons

Pierre Auger Coll., ApJL 837: L25 (2017)

Previous blind search limits

12 target sets Galactic sources
(364 candidates sources)
- stacked analysis

— complement targeted neutron
searches

NO evidence for nearby photon-emitting
steady sources in the EeV range

— might be transients
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— limits constrain the continuation of
measured TeV fluxes to EeV energies




GW follow-up photon searches
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Auger Coll., ApJ 952 (2023) 91



GW follow-up photon searches
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GW170817: energy transferred into UHE-photons above 40 EeV constrained to be less than 20% of its total energy



Gruppi italiani tradizionalmenti coinvolti in prima linea nelle analisi della
ricerca dei fotoni

Analisi ibrida basata su universalita
FD + SD1500 (hybrid data) [PRD 110, 062005 (2024)] (Lecce)

Contributo di Lecce nell’analisi SD SD1500 [JCAP 05 (2023) 021]
Contributo dell’Aquila in HEAT/Coihueco + SD75 [Astrophys. J. 933 (2022) 125]
Contributo di Torino in SD433 + UMD [JCAP 05 (2025) 061]

Implicazioni limiti fotoni e neutrini su fisica fondamentale (GSSI, Torino)

PRD 109, L081101 (2024)
PRL130, 061001 (2023)

Lavoro in progress (Lecce, Napoli, Torino)
Aggiornare analisi ibrida con una migliore stima del background
Sfruttare i rivelatori di AugerPrime per migliorare la capacita di separazione

fotoni/adroni



Signal [VE

Signal [VEM]

Auger: UHE neutrinos with the SD

Regular proton shower

DG v, interacting
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Search for neutrinos with the SD: signature

—— typical signal shapes

Signal (VEM peak)

101 | | | | | | | | | |
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NO Candidates found

Bounds on neutrino fluxes from cosmic rays

tension with models assuming pure proton and spectrum shaped by GZK

[up to 6 neutrino expected vs 0 observed]



Upper limits on the diffuse neutrino flux
Pierre Auger Coll., JCAP 10 (2019) 02, PoS(ICRC2023)1488

s Cosmogenic p (Kampert 2012)

s Cosmogenic mixed (Kotera 2010)

B Cosmogenic Fe (Kampert 2012)

—.— Cosmogenic p, Fermi-LAT, Emin = 3x10'7 eV (Ahlers 2010)

===+ Cosmogenic p SFR (Aloisio 2015)
————— Waxman-Bahcall bound (2015) = u
———- AGN (Murase 2014) P Point-like sources
e Ay P N also in coincidence with observations
T 0 A mit Auger (2619) 4 by other experiments
DR Tl eyl For example TXS 0506+056
b PN WP limit ANITA (2019)  [10 >
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w | -3 S, 0% CLintegral , = For example GW170817
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= .
N, 107 hy analysis)
w

0.1

e
10" 1018 10t 107

Energy (eV) NO Candidates found

Maximum sensitivity ~ 1 EeV

Constraining models assuming sources of CRs accelerating only protons
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https://arxiv.org/pdf/2502.01963
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Source evolution parameter m

Constrain the proton fraction
<~ 70% above 30 EeV

disfavor the “proton-only”
hypothesis for UHECRSs using
neutrino data.

(not relying on hadronic models)




Declination 6 (deg)

UHE neutrinos: point sources sensitivity

point sources transit through the field of view
of each detection channel

— sensitivity strongly depends on source
location and event timing

90 L L 1 1 1 1 1 1 I I 1 ,
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Follow-up searches: GW170817

GW170817 Neutrino limits (fluence per flavor: v, +7,)

LIGO/Virgo BNS GW170817 & Fermi sGRB 170817A
— EM counterpart Optical/IR KiloNova AT2017GFO

— GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
| === === [ceCube horizon
= = ANTARES horizon
[ Auger FoV (Earth-skimming)
[ Auger FoV (down-going)

— excellent visibility of the merger:
90% CL GW event location in FoV of ES channel

— time dependent exposure leads to substantially looser 14-day
neutrino fluence limits wrt to prompt

ApJL 850 L35 2017
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A source: TXS0506+056 Science 361, 146 (2018)

lceCube observed a 290 TeV v in the direction of

TXS0506+056 during flaring state g S
b o
IceCube Alert IC170922A ( % o o %
— — L HEEE
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$§ x-rays and radio 0 2
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o
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Time per day source is visible (hr)

Auger UHE window: TXS0506
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TXS0506+056 declination = 5.7°
— Non optimal sensitivity of the
source in all channels
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— complementary to IceCube in the EeV range



E2 dN/dE (erg cm~2 s71)

Follow-up searches: TXS0506+056

lceCube observed a 290 TeV v in the direction
of TXS0506+056 during flaring state
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Pierre Auger Coll., Ap. J., 902:105 (2020)
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TXS0506 not in the most sensitive region
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The neutrino event observed by KM3-230213A _

Energy ~ 200 PeV !l

Nature | Vol 638 | 13 February 2025
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— it’s a breakthrough



Declination 6 (deg)

UHE neutrinos: KM3-230213A

1 1 L L 1 L L L L L 1 L L L 1
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Auger FoV Earth-Skimming: 6 € [90°, 95°]
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point sources transit through the field of view
of each detection channel

— sensitivity strongly depends on source
location and event timing
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BBH follow-up: stacked v searches

Look for time and directional coincidence with 93 BBH mergers from LIGO/Virgo runs O1-O3
No candidates found for any event inspected

Limits on the total energy emitted in neutrinos is <5.2x10%" erg — more than 2 orders or magnitude lower than
the radiated GW energy
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Search for upward-going air showers with Auger FD

Two “anomalous” events detected by ANITA with non-inverted polarity

— E~0,2EeV exitangle ~ 30°
Fervent debate about the interpretation

Highly upward-going events cannot be observed with SD
— Dedicated search using 14 years of FD data

FD sensitivity depends on E and H;, of the primary particle
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elevation [deg]

Search for upward-going air showers with Auger FD

FD Energy > 0.1 EeV, zenith > 110°, 14 years of FD data
PRL 134, 121003 (2025)

—0— Burn sample
—a— Full data

—— Background simul.
—— Signal simulation

Debate triggered by the 10°
claim done by the ANITA
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—
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collaboration

Signal
region

Exposure (energy, height
of first interaction)

The Pierre Auger Observatory

Number of Events / bin

OAII\Illll T III\I\I| T IIIIIII| T II\IIII|

-1
1 [ a4 [ 21 [ 44 [101] 239335 | g19 [1208] 2381 [3923 [ 6113] 0
S e %‘?‘oc B3-arbritary normalizat]
g_ 1072
é Insuffiicient MC statistics 10° bbbt b b i B Sk
= to quantify exposure _ 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
s = Discrimination Variable /
4 %— 10 g
33 . : :
FD only reconstruction SE : 1 ";ﬂntgldzte ﬁonS|st3n£0 3
challenging for specific E wi e background (~0.3)
i £ s s e . :
event topologies 0 ) g5 290, 363 a0, 714 e yoy [l o Tau scenarios and BSM constrained

176 178 18 182 184

e IogiEsen (modified deep inelastic cross-sections)



Auger Exposure:
time dependent simulation

The Pierre Auger Observatory

gi 1 | 4 | 21 | 44 [ 101229 [325 | 819 [1208 [ 2381 [3923 [ 6113

Auger FD Exposure

Insufficient MC statistics
to quantify exposure

heigh of first interaction (km)
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Search for neutrinos using the FD detector

Propose a reduced

cross section BSM Tau decay to FD

Tau generation
and propagation

ch not to scale

FD: best upper limits for a modified
deep inelastic cross-section of about
3% of the standard charge current

FD: zenith > 110°
SD: 90°<zenith<95°
— complementary in zenith

PoS(ICRC2023)1095

Upper limits for a specific tau
scenario in the context of BSM
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Perspectives

Exposure up to 10! eV for the BSM paper delivered (internal to the collaboration)
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Very inclined, most likely Earth-missing event

Zenith~90°, ~ 6 EeV passing over Coihueco at a
height of about 18km (not in current analysis) -
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geometry: Profile-Constrained
(8, 0) = (89.2+0.4, 40.5+0.1) deg
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ANT — Auger Neutrino Telescope
detect UHECR source neutrinos at £, = 1/20 E, = 10'7 eV

M. Unger, KIT
internal to the collaboration

Andes Pierre Auger Observatory
mountains
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Astroparticle Physics 23 (2005) 65-77
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Simplified Simulation of Detection M. Unger, KIT internal to the collaboration

parametrization of n,. from Cherenkov

® 5° x 160° FOV
L 91313( = 0.3°
* aperture area A — 1 m*
* NSB from mountain: 0.1 NSB Auger
® 4 pixels for trigger | 0 —
sensitive E’ E
e.g.: assumption g £

1% 20 25 30
distance/km

o ..-.

left: MACHETE design (Otte et al), right: ray-tracing (L. Scherne, BSc Thesis, KIT)



M. Unger, KIT internal to the collaboration

ANT - Auger Neutrino Telescope -

preliminary sensitivity using wide-field Cherenkov telescope(s)
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Gruppi italiani coinvolti in prima linea nelle analisi della ricerca dei neutrini
con il rivelatore FD

PRL 134, 121003 (2025) Lecce e I’Aquila, 2 tesi di dottorato, EB
Collaborazione con Torino e Napoli

Lavoro in progress (Lecce, Torino)

Estendere statistica zenith ed energia.

Interesse per l'ipotesi di un telescopio Cherenkov per neutrini @ Auger

Primo passo:
- Misura del background fondo cielo
- Richiesti fondi per partecipare alla campagna di misura (Iniziativa Auger)

Gruppi interessati: Lecce, L’Aquila, Torino,....



Conclusions

The Pierre Auger Observatory participates in the ongoing multi-messenger international
effort to combine data from different experiments in complementary energy ranges

The Pierre Auger Observatory is a key detector at UHE energy:
— excellent sensitivity to photons and neutrinos in the EeV range
— stringent diffuse limits in the EeV range
— constraining exotic scenarios and testing cosmogenic flux predictions

indirect hint on primary CR mass composition
— coverage of a large fraction of the sky with targeted and joint searches
— follow-up searches of LIGO/Virgo mergers

«— Fast LVC alert follow-up infrastructure in place
— GCN notices, streaming to AMON & DWF

— Pierre Auger Observatory upgrade will improve on sensitivity and background rejection
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Joint searches (UHECR and neutrinos)

Antares, IceCube, Auger, Telescope Array

APJ 934 (2022)164

Equatorial

24h [0 g®% o " & 3 Oh
.x [ ] ~~ d>

Auger

ANT tracks
IC tracks 75 A -
IC cascades

Galactic plane
—— Supergalactic plane

¥ o B & @&

Three analyses strategies: All compatible with background

— UHECR-neutrino cross-correlation
— Neutrino-stacking correlation with UHECRs
— UHECR-stacking correlation with neutrinos

41



Searches for neutrons

PoS(ICRC2023)246

— neutron flux through an excess of cosmic ray events around a given direction

Most significant target from each target set — > 1 EeV

Class R.A. [deg] Dec. [deg] Flux U.L. E-Flux U.L.
[km2yr '] | [eVem 2s7!]
msec PSRs 286.2 2.1 0.026 0.19
y-ray PSRs 296.6 54.1 0.023 0.17
LMXB 237.0 62.6 0.017 0.12
HMXB 308.1 41.0 0.13 0.97
H.E.S.S. PWN 128.8 45.6 0.016 0.12
H.E.S.S. other 128.8 —45.2 0.014 0.11
H.E.S.S. UNID 305.0 40.8 0.15 1.1
Microquasars 308.1 41.0 0.13 0.95
Magnetars 249.0 —47.6 0.011 0.079
LHAASO 292.3 17.8 0.038 0.28
Crab 83.6 22.0 0.020 0.15
Gal. Center 266.4 —29.0 0.0053 0.039

Assuming an E~?spectrum

1500 m array

No excess

found

750 m array

Most significant target from each target set — > 0.1 EeV

Class R.A. [deg] Dec. [deg] Flux U.L. E-Flux U.L.

(km2yr11| [eVem2s71]
msec PSRs 140.5 —52.0 17 12:5
y-ray PSRs 288.4 10.3 93 38.9
HMXB 116.9 —53.3 2.1 154
H.E.S.S. PWN 277.9 -9.9 1.8 13.4
H.E.S.S. other 288.2 10.2 5.5 40.2
Magnetars 274.7 —16.0 1.6 11.8
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The Pierre Auger Observatory

Surface detector ~ 400 members, 17 countries

array of 1660 Cherenkov stations on a 1.5 km
hexagonal grid of 3000 km?

3000 km?

[EER W B
b "i)';/a'

=

Dense sub-array (750 m) of 24 km? —_— Radi t,a, . === &ggq]raéa&
BN (153 antennas, 17 km?) A o 2 e o — :
Fluorescence detector e \ R SR
4+1 buildings overlooking the array -or ok (egsllazfysozf;f?«:‘)
(24 + 3 HEAT telescopes) il \ N
Radio detector St
153 Radio Antenna — AERA o - (4 lscapes up 0 30
- Campus...... QN F P00
Muon Detectors 0
Buried scintillators (region of dense array) water-Cherenkon s
(grid of 1.5 km, 3000 km2)

Phase 1: dat.a taking from 2QO4 on Phase 2 - the AugerPrime upgrade
(from 2008 with the full array in op.eratlon): . Data taking from 2023 to 2035...

- Over 120.000 km?sr yr for anisotropy studies

Multiple detectors
- Over 80.000 km?sr yr for spectrum studies

PIERRE
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E?dJ/dE [GeVm—2s ler~1]

Ultra-high energies cosmic rays
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Wide range of energy/flux

Diverse measurement techniques
Impressive improvement of the
knowledge in the past decade

still many open problems

Such as: origin and nature of ultra-high
energy cosmic rays, acceleration
mechanisms, propagation effects...

Unprecedented statistics and precision!
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The Hybrid paradigm

Longitudinal profile
FD - calorimetric measurement

- duty cycle 15%
- Xmax (mass composition)

Density of particles at the ground
SD - duty cycle ~ 100%
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The Auger combined spectrum
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2" knee observed, hint for a low energy ankle
Phys. Rev. D 102(2020) 062005, Phys. Rev. Lett. 125 (2020) 121106
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Combined fit of Auger data (spectrum and X __ simultaneously)
vs astrophysical scenarios

Phys. Rev. D 102(2020) 062005, Phys. Rev. Lett. 125 (2020) 121106
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indication that the new feature at 10" eV may
be due to the interplay of He and CNO
components

(individual nearby source not favored, spectrum
flat in declination )
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additional component required below 5 108 eV (possibly a tail from galactic CR)

energy density in CR above the ankle (5.66 + 0.03 = 1.40) 105 erg Mpc?

this constraints the luminosity density for classes of extra-galactic
mmmm)»> sources such as AGN and SB match



Observation of dipolar anisotropy for E=8 108 eV
Significance 6.9 o above 8 EeV, 5.70 at E=8-16 EeV

Equatorial dipole amplitude

E >4 EeV, zenith < 80°
Exposure=123000 km?2sr y!

Can be interpreted as a signature of the local
large scale distribution of matter.

Not consistent with pure protons above 8 EeV

Require mixed composition

Large Scale anisotropy
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Dipole amplitude and phase

Evolution with energy of the
dipole phase away from GC

— Extragalactic origin of
UHECR above 8 EeV

Science 315 (2017) 1266, APJ 976:48 (2024)
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Anisotropy at intermediate scale

O(Epuger = 38 EeV) - W =27°

75 Galactic
T I

Blind search for overdensity f/"
Energy [32-80] EeV m /
Zenith < 80° — 85% of the sky, declination [-90°, 45°] ol =
-15"'\ -
. 30* 8 \1\1\' N
Centaurus A region: e =
most significant excess, p-value 2% post trial, at \p~24° E > 38 EeV e -l
direction fixed at Cen A 4 ¢ post trial, at ~27° E > 38 EeV 4 -2 0 2 4
Li & Ma significance [o]
Autocorrelation with structures (GC, GP, SGP) not significant 30F- — Starburst galaxies - {80
s . . s 250 0 g
Likelihood test for anisotropy with catalogs u 60 3
20 - &
Attenuation and relative weight of sources taken into account. E s 1> 5
g 1 a0 =
Catalog Ey [EeV] Y[°] «[%] TS Post-trial p-value 3 130 §
Signifi All galaxies (IR) 38 241 4% 185 6.3x107* E 10 20 £
Ignicance | g, bhursts (radio) 38 253 97 234 6.6x10° 5 o &
3.8 0 for SB All AGNs (X-rays) 3 2512 74 205 25% 107 AT
Jetted AGNs (y-rays) 38 23 6%, 192 4.6x10™ % 20 40 60 B0 100 120 140

Pierre Auger Obs. exposure = 32 EeV [1 0° km? yr sr]

The Astrophysical Journal 935 (2022)170, PoS(ICRC2023) 252



PHYSICAL REVIEW D 107, 042002 (2023)

Cosmological implications of photon-flux upper limits at ultrahigh energies

in scenarios of Planckian-interacting massive particles for dark matter 1o

Using the data of the Piemre Auger Observatory, we report on a scarch for signatures that would be
suggestive of super-heavy particles decaying in the Galactic halo. From the lack of signal. we present upper i T T T 7
limits for different energy thresholds above = 10% GeV on the secondary by-product fluxes expected from 1
the decay of the particles. Assuming that the energy density of these super-heavy panticles matches that of
dark matter observed today, we ranslate the upper bounds on the particle fluxes into tight constraints on the
couplings goveming the decay process as a function of the particle mass. Instantons, which are
nonperturbative solutons o Yang-Mills equations, can give nse o decay channels otherwise forbidden

107!

Iyr-l)

derive a bound on the reduced coupling constant of gauge interactions in the dark sector: o < 0009, for

0 = My /GeV < 1m0, Conversely, we obtain that, for instance, a redwced coupling constant o, = 0.09 = T
. - - = = o - -
excludes masses M, = 33 10" GeV. In the context of dark matter production from gravitational

mteractions alone during the reheating epoch, we derive constraints on the parameter space that involves,
in addition w M, and . the Hubble mate at the end of inflation. the reheating efficiency. and the
nonminimal coupling of the Higgs with curvature.

T
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[ rer a1 SHDM scenario i . " :
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® UHECR anis.

o1 matter interaction T imeRe 1
(lifetime stabilized) T i O N R
- 1 . . 108 10° 10" 10"
T ) | with SM particles £ (Gev)

using photon - _
.. FI1G. 3. Upper limits on secondaries produced from the decay of
i | upper limits SHDM particles.
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Defining an exclusion region in the coupling-mass phase space



Diffuse Flux, 1:1:1 Flavor Ratio

— = [AMBO |

e Trinity 18

1054 == TPOEMMA3D (5 years)
e GRAND 200k

e o == BEACON 1k

= sm s PUEO (3 flights, 100 days)

— e RNO-C

= ssm=s RET-M 10 x 100 kW Preliminary

== = JceCube-Gen2 UHE

ARIANNA

p—
2
-3

—
3
~1

All Flavor E2® [GeV cm 2 s~ sr!]
=

—
9
w0
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