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Physics goals of SA2-AUGE

Origin & Nature Multimessenger Hadronic Physics "
of Ultra-High |  Astronomy with | with air showers

Energy Cosmic A\ UHE neutrinos & | beyond LHC
Rays photons energies




Main Research Activities & Lines

Pierre Auger
Observatory

Ultra-High Energy (EeV) Cosmic Rays with inclined showers
Search for UHE neutrinos

Hadronic & Air Shower Physics

Multimessenger Astronomy at UHE g{%‘g&

OBSERVATORY

[ Detection of UHECR & |
neutrinos with radio

Modelling radio signal from particle showers

Analysis of data of radio detectors
New radio detectors of UHE neutrinos
Multimessenger Astronomy at UHE

waves (MHz - GHz) |




Sources of funding (= 3 M€£)

: e Generacion de Conocimiento 2023/26 (230 k€)
AgenC|a EStataI de e Cooperacién Internacional 2023/26 (215 k€)

|nvestiga cion (AE |) e Consolidacidn Investigadora 2025/27 (150 k€)
e Ramon y Cajal (Lorenzo Cazdn) 2021/26 (40 k€)

)

e ACME 2024/28 (170 k€)
e ERC-SyG 2025 — HERON 2026/32 (2 M€)




SA2-AUGE (Astroparticle Physics) group

Permanent staff RyC Postdoctoral
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A selection of scientific highlights 2025



Particle detector array — completed Summer 2023

AugerPrime: L .
(1478 Scintillator detectors + new electronics + small PMTs)

extending the Pierre Auger

Observatory to 2035+ Improve primary particle identification by measuring the electrom.
& muonic components of the shower
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https://iopscience.iop.org/article/10.1088/1748-0221/20/08/P08002

AugerPrime:
extending the Pierre Auger
Observatory to 2035+

New Radio
antenna

Water
Cherenkov
Detector

Fully-equipped AugerPrime
Surface Detector station

Radio detector array — completed Dec 2024
(1605 SALLA radio antennas + digitizers)

Measure electromagnetic energy of showers with 100%
duty cycle & enhance primary identification
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AugerPrime:
extending the Pierre Auger
Observatory to 2035+

New UMD
Underground
Muon Detector

GPS antenna. ‘_G".’-f— AMIGA WiFi Antenna.

SD solar panel.
AMIGA solar panel.
SD battery box.

AMIGA battery box.
AMIGA access tube.

SD electronics, *
TDR and radio.

Module 1
10m?

Module 2
10 m?

. : >
- $
&

Underground Muon Detector — nearly completed

(72 x 3 modules of 10 m? - buried scintillators)

Improve primary particle identification through direct muon

measurements. Hadronic physics.
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Inclined showers in the Pierre Auger Observatory
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UHECR arrival directions: intermediate-scale anisotropies

1 Energy dependence of Centaurus excess A
Pierre Auger Observatory gy dep AUGER
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position of Centaurus-region excess remains constant with energy:
O CRrigidity (R=E/Z) remains constant => Z increases with E

Pierre Auger Collab., O no strong coherent deflections: subdominant regular magnetic field in the
Astrophys. Journal 984 (2025) 2, 123 direction of Centaurus? 11


https://journals.aps.org/prl/abstract/10.1103/p4l5-hxlf

UHECR energy spectrum: declination dependence
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Pierre Auger Collab.
Phys. Rev. Lett. 135 (2025) 24, 241002 12


https://journals.aps.org/prl/abstract/10.1103/p4l5-hxlf

Air Showers & Hadronic interactions: Muons

AUGER
15t results combining Auger data from: Working Group on Hadronic Interactions &
. o Air Showers Physics
Particle detector > muon number in inclined S Y
showers muon deficit of hadronic models gradually
Radio prototype — proxy for shower energy increases with shower energy
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L. Cazon et al. Nature Rev. Phys. 8 (2026) 2,98-114 13

Phys. Rev. D 112 (2025) 12, 123042


https://journals.aps.org/prd/pdf/10.1103/2q9f-pbrp
https://www.nature.com/articles/s42254-025-00897-3

Air Showers & Hadronic interactions:
connecting hadronic interactions & shower observables

Correlation between 15t shower interaction properties (S-variable related to energy
spectra of secondaries in p-Air collisions) and AX,.,

M. Martins, L. Cazon, et al. Phys. Rev. D 112 (2025) 4, 043016

Depth development of air showers QGSJETIII-01: Ey = 10190 eV, 9§ = 60°

1.0 i R ; ].].00 | | |
et +e- B R rpond -~ 68% p=0.718
—————— Ut +u~(x50) E
s D hadrons (x50) phOt‘in _ 1000 F 95% -
S proton —~
> |PD& i 102
5 0.6 £ 900 - -
5 - Mimax /1 LANe\ 2
S0a{ " | N = 800 - i
g N g TR < - 101
g <
<02 700 | -
o ‘_"__h_._,.:._::.’..'..'..’.._.... : : 600 A A | 100
0 200 400 600 800 1000 1200 600 700 300 900

Matter traversed in atmosphere [g cm™2]

Number of events


https://journals.aps.org/prd/abstract/10.1103/1664-pht6

Radio detection of UHE particles

| Modeling radio emission from UHECR events in atmosphere
| 1 Reflected events (J. Alvarez-Muniz et al., Astropart. Phys. 2016)
(d ARPZ model for Air-Shower radio emission (C. Pavon-Souto et al. in prep.)

ANITA

 High-Altitude Horizontal Air showers (S. Cabana-Freire et al. JCAP 2025)
radio antenna payload
on a balloon UHECR
I UHECR (direct) I ANITA
O UHECR
_ —=> direct (reflected)
UHECR radiation
E

Atmosphere 1| reflectec
radiation




Radio detection of UHE particles

Ruling-out SM & BSM explanations of ANITA anomalous events
U Tau neutrinos (J. Alvarez-Muniz et al., PRD 2019) — SM
 Transition radiation (J. Ammerman et al., JCAP 2024) — SM
O Upward-going showers (Pierre Auger, PRL 2025 - see backup) — SM & BSM

radio antenna payload
on a balloon

direct
radiatio

Anomalous

| uHECR |
event

transition

Atmosphere radiation




PUEO launched over Antarctica
(23 days flight in December 2025)

Expect many more reflected, HAHAs,
(and maybe anomalous) events




HERON - Opening Neutrino Astronomy at UHE ihere

Hybrid Elevated Radio Observatory for Neutrinos R

3500

3000

geomagnetic effect:
radio signal

2500
3—30'6 ’ 2000%
%—30.8- 1500%
Groundbreaking experiment for tau neutrino
° e o ° ol ] 1000
detection combining 2 techniques: BLS
@ phased arrays  §%arse antenna array - LN E;E;’ema,_‘ 500
= « Town
¢ Energy threShOId < 1017 eV —6 -68.8 -68.6 -68.4 -68.2 -68.0 -67.8 -67.6 -67.4 e
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* Sub-degree angular resolution San Juan, Argentina. Latitude -30.5°

» 10x sensitivity of current experiments ldeal site topography:
long mountain ridge 2 km altitude overlooking a valley
and a mountain ridge in front
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volume 85 - number 1- january - 2025

ACME Pierre Auger Open data

PIERRE
AUGER

‘OBSERVATORY

2021 — Open data portal + 10% vertical events

2022 — 10% inclined events @ Recognized by European Physical Society

2023 — Catalog of 100 highest energy events Particles and Fields
2024 — 10% low-Energy data

Next release : 30% of all data (2004-2021)

https:/ /opendata.auger.org/
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The Pierre Auger Open Data is the public release of 10% of the Pierre Auger Observatory cosmic-ray data published in recent scientific papers and AR PR POY. SR,

at International conferences , following the The release also includes 100% of weather and space-weather
data collected until 31 December 2020. This website hosts the datasets for download. Brief overviews of the and of the
A ta are set out below. An online event display to explore the released cosmic-ray events, and example analysis codes are provided. An
outreach section dedicated to the general public is also available
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Datasets Visualize Analyze Catalog Outreach Visualization of an exemplary event. Left panel: camera view of the fluorescence detector; the cosmic-ray
shower is seen as a trace that moves along the pixels of the camera, from early (green) to late (red) pixels
Right panel: reconstructed energy deposit as a function of atmospheric depth as measured with the two

telescopes parucapating in the event



https://opendata.auger.org/

Outreach

O VR system used in exhibits at IGFAE and outreach talks at high schools to visualize:
o Auger physics
o Solar eclipses
o Augmented reality with quarks

O Initiators, promoters & organizers of DATA SCIENCE & the Bridge to Industry meetings + Course in Unity

-

SANTIAGO DE COMPOSTELA, GALICIA, SPAIN 3 - 7 JUNE 2024 ?:KZ?:‘%%‘“ §¥
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Thanks !



Enrique Zas
Professor

|

Multi-
Messenger
task
coordinator

Responsabilities in the Pierre Auger Observatory

Jaime Alvarez-Muniz Lorenzo Cazon

Professor Ramon y Cajal
1 Sept. 2021
Neutral 1 _
Particles Physics
task coordinator

coordinator
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Radio detection of UHE particles
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Radio detection of UHE particles

Ruling-out explanations of ANITA anomalous events

Tau neutrinos (J. Alvarez-Muniz et al., PRD 2019)
Transition radiation (J. Ammerman et al., JCAP 2024)
Upward-going showers (Pierre Auger, PRL 2025 next slide)

Types of ANITA events

Normal direct
Atmosphere-skimming shower

direct
radiatic

—>
UHECR

Anomalous
below horizon

Atmosphere

Modeling radio emission from non-standard geometries
Reflected events (J. Alvarez-Muniz et al., Astropart. Phys. 2016)
Atmosphere-skimming showers (S. Cabana-Freire et al. JCAP 2024

& 2025)

ANITA radio
antenna balloon

UHECR

Normal
reflected

reflected

radiation transition

radiation
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Search for upward-going showers with Auger

Fluorescence
Detector
pixel camera

Profile of
Energy
deposit
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Pierre Auger Collaboration, PRL 2025
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Auger strongly disfavors upward-shower explanation

of ANITA events

https://www.youtube.com/watch ?v=Q8akKJrvBCw
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