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Malargiie, Mendoza, Argentina (35°28°S,69°20'W)
1660 detectors,1.5 km spacing, 1.4-1.5 km asl
Detection of Cherenkov light from p*e®,y

3000 km? effective area, 12 tons of H,O per detector
100% duty cycle, angular resolution <1°

Loma Amairilla

Los Morados

Los Leones

2004-2022: Phase 1 Data

2023-2035: Phase 2 Data with
Upgraded Observatory (AugerPrime)
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Fluerescence Detector

24 telescopes in 4 eyes
FD camera: 440 PMTs / telescope

Mirror area: 11m?2Field of View: 6x30°x30° for each FD

UV filter: 300-420 nm

Buffering 1000 time bins, 100 ns each: a 10 Mfps camera !

Duty cycle ~12% (1/2 moon cycle)
Angular resolution ~ 0.6°

April 30,2025
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erpetector - HEAT

tors with :

oV = 30°— 60°
Goal: detect low energy cosmic ray showers
DAQ: 100 us traces, 50 ns bins

Complementing the SD-750 array downhill

Loma Amarilla

..

HEAT: High Elevations

Auger Telescopes
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COSMIC RAY (INCLINED)

TOP OF THE ATHOGPHERE

- Inclined showers from protons
& nuclei originate high up in the
stratosphere

- At ground, the shower front is
dominated by the muonic
component

- Small relative time delay
between muons and EM
component

April 30,2025

IEEIRVESIIENIRESIRNEIEe Auger SD

NEUTRINO (NCLINED
TOP OF THE HTI“I’OSP!'IERE \3 TOP OF THE ATMOSPHERE

————————— e e ——— e o o

EM COMPONENT
HADRONIC

I COMPONENT EARTH-SKIMMING
\ TAU NEUTRINO

Inclined showers from neutrinos originate deep inside
the Earth’s troposphere, either from nu-air interaction or
from interaction with Earth surface layer (Earth
skimming tau neutrinos)

Large residual EM component at ground in the shower
front

Large relative time delay between particles in the EM
shower
LearnedFest, UH Manoa 5



NENREICEREIHEIENSIaRatte i AcP = Area over Peak

1 |
Inclined event = |

CR old shower E~22EeV
6 = 73.0°
AoP = 0.9

Ideal proxy for inclined young
showers with high EM content

Surface Detector PMT Signal
4 Peak ..
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SERSIVINAIGIETEERINEUlInG flavors

4) double-bang shower 1) regular shower
initiated by proton %

ettt
e

2

firstinteraction
8

T decay

Fractional
Neutrino | contribution
flavor to event rate

(E'2 ﬂUX) . high energy
electron

1 0 % hadronic hadronic

Jet Jet 1
4 %

86 %

Charged Current Neutral Current

oq Phys.Rev.D 91 (2015) 092008




AGPEAGNISCHmaEeltine showers In SD

MC simulated Earth-skimming T,
—— Pierre Auger Observatory . E.=1.0 EeV, 8=90.7°, ¢ = 41.4°

Decay altitude above ground = 50.0 m '

Very inclined CR shower (data) Simulated earth-skimming v, shower
April 30,2025 LearnedFest, UH Manoa




ACERRCURERUMIZauen M SD 1500 data  pereaugercol, scap 10 2019 022

M. Niechciol for Auger PoS(ICRC2023)1488

Distribution of mean Area-over-Peak <AoP> in highly inclined events

101 | | I 1 1 | | | | | | |
[ Data 1 Jan 2004 - 31 Dec 2021. Mean=1.187, Sigma=0.075

Auger SD 1500 data Monte Carlo v: Mean=2.837, Sigma=0.723
1 Jan 04 - 31 Dec 21

<AoP> is optimized 100 >
' AoP) > 1.83
for all the different (AoP) >
channels and
energies

Monte Carlo sims.
v, Earth-Skimming

We expect <1

background event
in 50 years ~ 95% v-selection efficiency
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AUGEIESIBAEXpESHIE (1/1/2004-31/12/2021)

Auger Total (1 Jan 04 - 31 Dec 21)
V. Earth-Skimming (ES)

| m———— VotV +Ve OE[75°,90°]
Vet+Vvy+Vv: B€[60°,75°]

Neutrino samples divided in 3
subsets:

- Earth skimming (90°,95°)
- Downgoing high-angle (DGH)
- Downgoing low angle (DGL)

Earth skimming dominate at
lower energies
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DG channels become relevant
for UHEvV

Pierre Auger Coll., JCAP 10 (2019) 022
M. Niechciol for Auger PoS(ICRC2023)1488
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Pierre Auger Coll., JCAP 10 (2019) 022

Diiiusa Eluye Eippliis U

M. Niechciol for Auger PoS(ICRC2023)1488

Cosmogenic (proton - best-fit to Auger spectrum) L1l Low-lumin. BL Lac (Rodrigues 2021)
I Cosmogenic (mixed - best-fit to Auger spectr. & compos.) =« === Starburst Galaxies (Condorelli 2022)

== == == AGN (Murase 2014) = = Magnetars from BNS (Fang 2017) Expected number Of v events

Pierre Auger ;
; 1 Jan 2004 - 31 Dec 2021
Pierre Auger

(2022) IceCube (2018) ANITREI TS Cosmogenic models

Best-fit proton znax =3, (1 + 2)°
Best-fit proton, Zmax = 3, (1 +2)31
Best-fit proton, Zmax =1, (1 + 2)°
Best-fit proton, Zmax =1, (1 +2)3
Best-fit mixed, Zmax = 3, (1 +2)°
{ Best-fit mixed, Zmax =5, (1 + 2)°
Radio-loud AGN (Murase 2014)
Low-lumin. BL-Lacs (Rodrigues 2021){
Starburst Galaxies (Condorelli 2022)

Single flavor ' Magnetars from BNS (Fang 2017){
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umber of events

We found NO candidates

Maximum sensitivity at 1 EeV, where Auger limits constrain models assuming pure protons
April 30,2025 LearnedFest, UH Manoa 11



VS ERESHiIGmNEemEIke sounces: TXS0506+056

2017/09/22: Rebirth of MM neutrino
astronomy (after SN1987A)
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Auger 2018

=== Auger DGH 75% <6 < 90° = == == |ceCube 2017

e we Auger Earth-Skimming e Auger DGL 60° < 8 < 75° e e ANTARES 2017

10°°
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Southern sky

10—10

-__.-—-———--‘.-

Upper limits 90% CL
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TXS0506+056

Single flavor
VeilVpive=1:1:1

-

T T T
-90 -75 -60 -45

Auger Coll., JCAP 11

T T T T
-30 -15 0 15
Declination 6 (deg)

(2019) 004

Auger sensitivity changes with source
location and transient timing

TXS 0506+056 declination not ideal

LearnedFest, UH Manoa




VS ERESHiIGmNEemEIke sounces: TXS0506+056

——g— IceCube: v-flux 0.5 yr
The source was — === |ceCube: v-flux 7.5 yr Single flavor

[ I | A g ! tin 0.5 | |
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VS ERESHiINEemEIke sources: GW1 /70817

IceCube up- um_&
_-_T("?Cm;f_ln\\n g_,nn-a, &

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

i —
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VS ERESHiINEemEIke sources: GW1 /70817

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

The source was in the earth-skimming v field of view 3 T
+ sec time-window

No candidate was found either in the short (within 500 s) or a7

in the long (within £14 d) time window. E IceCube

>

The non-observation is anyway consistent with emission from 2 T
a short GRB viewed at an off-axis angle greater than 20°. : 10 BE moderato
Auger sets unique upper limits on the total energy transported imistig T N

by UHE v (0.1 < E, < 25 EeV) from NS mergers:
E <6.910*% Mo (within £500s)
E <2310? Mo, (within £14 d)
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Ligo-Virgo, Antares, IceCube, Auger, ApJL 850 (2017) L35




Ui IERvaSHieiisiccred BiBIH mengers

L.Perrone, EPJ Web of Conf 283, 04004(2023)
1 day 60 days

\ == (1 (~2015); 3 sources | == Q1 (~2015); 3 sources
. ==+ 02 (~2017); 7 sources 1 = 02 (~2017); 7 sources
' | ===+ (03a (2019); 41 sources | «=«= 03a (2019); 41 sources
|
|

== 03b (2019—-2020); 32 sources | ==== (03b (2019-2020); 32 sources
« = combined = combined

—— — - , n
20 30 40
t—tp [ sidereal days ]

Auger searched for neutrino candidates after 93 BBH mergers: no candidates found.
Upper limits (90% CL) on E:«: emitted via UHEv in BBH mergers:

~ 5.2 10°* erg, corresponding to ~0.3% of the solar mass, <1% of the GW energy

April 30,2025 LearnedFest, UH Manoa




EEEICUBRSHEMWECIUIHECR and High Energy v's ?

IceCube, ANTARES,Auger,TA, Astroph.J., 934(2022)164

Equatorial

- 0.25

- 0.00

- =0.25
- —0.50

- =073
ANT tracks
iC tracks Galactic plane - —1.00
IC cascades —— Supergalactic plane  © 20 40
UHECRs per hin

Search for correlations between UHECR directions (> 50 EeV) from TA+Auger and

Antares+IceCube tracks directions Xield results consistent with isotropy.
April 30,2025 earnedFest, UH Manoa




ANITA Lgcjolnle) rletfifiglos
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ANITA Il - PRL 121, 161102 (2018)



ANIAEHEINEIBUSIEVERLS IRTAUger ED

Standard model interpretations:
- Showers from t neutrino interactions? NO

- Transition Radiation in ice/air interface? NO

Origin Beyond Standard Model (BSM):
- BSM particle producing a SM patrticle in ice???

NEW:
Auger collab. - PRL 134 12,121003 (2025)

We searched for anomalous
upward-going v showers in FD
data (1/1/2004-31/12/2018)

ANITA

shower
‘Standard Model | v decay 7?7 ,
Atmosphere

e Antarctic ice

ANITA 1 - PRL 117, 071101 (2016)
ANITA Il - PRL 121, 161102 (2018)

shower

‘ Beyond SM ‘




Auger collab. - PRL 134 12,121003 (2025)

Allgjar vs ANITA Sxoestfes

The Pierre Auger Observatory ANITA I

(1[4 [ 21 [ e [ 101229 [325 [ 819 [1208 23813923 [ 6113] !!ﬂ

Insuffiicient MC statistics
to quantify exposure

172 174 17.6 17.8 18 182 184 0 2 17 2 17.8
log(E/eV) log(E/eV)

In the 6 range [110°-130°] , the Auger FD exposure is 2 to 2k times larger than ANITA-III (1) exposure.
We expect to detect 8(69) events, assuming E*2 (E®) spectra in Auger .

April 30,2025 LearnedFest, UH Manoa 20
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Auger collab. - PRL 134 12,121003 (2025)
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Auger collab. - PRL 134 12,121003 (2025)

Aljcjer resulis one aveptielesEpele

burn sample

full data
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signal simulation

dN_
dE CR spectrum

P

—_
o

O_IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII|

. cutvaluelc

signal
region

Elevation (deg)

Number of Events / bin
=)

.I|I|IIIIIII|II IIIIII||III|I|I||I

% o« E3-arbritary normalizat

-
<
N

Azimuth (deg)

IIIIIIIIIIII|II|II|II:II|1IIIlI|I
01 02 03 04 05 06 07

Discrimination Variable [

%%/Ndf= 119.5/146

o
o

o o ;
N >
T T [rrrr1

arctan {In [max (L, Liown)/ Ldown) X {'}
] —
7/2

o

dE/dx (PeV g~' cm2)
o
| T T ITI T T |

Only one event survived our cuts.
Expected background: 0.27 + 0.12 events ™ S - -
MC: CR showers reconstructed as up-going. Slant depth (g/cm?)

April 30,2025 LearnedFest,




A multi-hybrid observatory :
FD*SD*SSD*RD*UMD

Radio Detector (RD)

3000 km?

Scintillator-Surface
Detector (SSD)

Upgrade
Electronics

Small PMT

Underground Muon
Detector (UMD)

.

April 30,2025
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AVGEIERImeNSpErRades nelined events RD-SD

SR S : 949 479 293 126 60 8 5
Eso~Erp=37 EeV = \ ’ - v . . :
63D~6RD=84.70
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Core RD Loaes 5 19.2 194 19.6 19.8 20.0
Core SD log,((Ecr/eV)

(sr) sawn

Ry/ (Eem/10EeV)™!
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g electromagnetic
Prospects: component

enhanced sensitivity to radio emission
UHEv’s with RD*SD:

- Fe-p discrimination

- INFILL allows access
to lower energies
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Can we improve Auger sensitivity at lower

/ em

energies (50-500 PeV range)?
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A RASENIASNENReNEIescope Array.

0=-2 (DP-v,,) 0= -2 (ESwv) Preliminary
=0 (DP-v,) 0= -5 (ESv,)
=5 (DP-v,,) 0=-10 (ES~,)
=10 (DP-v,,) =-20 (ES-,)
=15 (DP-v,.) 0=-30 (ESwv,)
=20 (DP-v,) ES-v, Ave. 30
NEE DPv, Ave. 25
= ES-v, +DP-v,,

Log Effective Area [m?]
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IceCube Gen2 (3 flavor sum)
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1 EeV "
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'Demonsuator, (F”SCO Peak UT) Neutrino energy [GeV] Neutrino energy [GeV]

——

Otte Phys. Rev. D 99, 083012 (2019)

Demonstrator : A=1.5 m? at Frisco Peak UT

Telescope 5°x60° , 68mirrorsx1m? , A=16 m?
3300 SiPM pixes , 100MSamples/s

Trinity full fledge: O(10) Trinity Telescopes

More projects: Magic/CTA, Tambo ...

27
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sseRsIVInNAdewWn e ~100 PeV

F.Salamida, Volcano Workshop 2024

preliminary
++++!!!!"
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Same energy scale

Cherenkov: 0°<6<60° E> 6x10" eV
750m: 0°<@<55° E> 3x10" eV
Hybrid: 0°<8<60° E> 3x10'® eV

i - 0° o 18
Robust observation of the 2" knee 1500m: 0°<6<60° E> 3x10 1§V
at 230 PeV also with SD-433 1500m: 60°<B<80° E> 4x10'® eV

FD*SD750: Eur. Phys. J. C (2021) 81:966
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Allcjar togocreleny

J.Alvarez Muniz UHECR 2024

Digital Elevation map of the Auger site

Andes mountain range
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Work in progress:

- FD simulations to enhance our stereo/hybrid sensitivity down to lower energies
- Offline reprocessing of Phase | data

- Design of new triggers. Night sky background studies

April 30,2025 S{,&gﬂ;ﬁ ) UH Manoa

Length in rock (km) vs direction for observers at

different locations in the SD1500
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