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Outline

 Pierre Auger Observatory (+ CZ activities)

* Energy spectrum measurement

* Depth of shower maximum, Composition related studies
* Large and medium size anisotropies

* Neutral particles

* Muon puzzle

* Phase Il data - AugerPrime and its scientific potential




UHECR observatory — connecting Particle physics and Astroohvsms

Picture from
https.//arxiv.org/pdf/2205.05845.pdf
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Pierre Auger Observatory More than 400 members,

98 institutes, 17 countries

Phase 1 : data taking from
2004 on (from 2008 with the
full array in operation):

v/ Over 120, 000 km? sr yr
for anisotropy studies

v/ Over 90, 000 km? sr yr for

................ {50 T AR ]
Sub-array of 750 m |+ e s s s e LIDARs and laser facilities spectrum studies

(63 stations, 23.4 km?) [, -

Underground muon
detectors (24+)

Phase 2 : the AugerPrime
upgrade Data taking from
2025 to 2030...
v +40, 000 km2 sryr
:22‘1‘:[::::::: j:t;f;‘(’,“) v Multi-hybrid events :
ki FD, SD, SSD, RD, UMD

0

1665 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)
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Pierre Auger Observatory — CZ activities @ Ezc%

- aim to be a valuable partner in the international team

HW:

* Optical lab in Olomouc — see Petr Hamal talk

 AUGERPrime — new electronics

* Atmospheric monitoring — FRAM + related
astronomical research

e MC@GRID computing leadership

* Fluorescence detector leadership

New "Christmas" comet discovered by
Czech, named C/2024 Y1 (Masek).

12/31/2024 . Mgr. Petra Koppl Research

Update 1. 1. 2025 A new comet was spotted on the night of 24-25 Eva Maria Martins dos Santos of
December 2024 by scientist Martin Ma3ek from the Institute of Physics the FZU received the Augg

over the western horizon in Argentina. He operated the telescope onlit Impact Award 2023

from Liberec (city in the Czech Republic). This is the first Czech discove|

a comet where the observer was not physically present in the observatory,
and the first Czech discovery from the southern hemisphere. The comet
will not appear above our horizon until late February or early March.

Data analysis:
e Hadronic interactions

* CR phenomenology and theory (new) — V. Karas impact
A. Araudo forming a new team now within FZU

* Cosmic ray composition

* Energy spectrum —low energy extension PIERRE
AUGER

First CZ “astroparticle” project and mother of our other
activities: R
Impact Award N
* Cherenkov Telescope Array + SST-1M (see Patrik 2021 O AL\
éechvala talk) Vladimir Novotny
* SWGO, ...
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How Pierre Auger Observatory measures UHECR ?

« | Time structure

Detector signal (arb. units)

= (dE
Bea = | (—) dx
: 0 . obs

Radio Detector (RD):

g w 100% duty cycle
'c% L charge excess geomagnetic
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100% duty cycle o o o o0 Fe

Picture from Ralph Engel, ICRC2021
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How precise is the reconstructed energy?

. o 1000F
Energy systematic uncertainties: -
FD profile reconstruction, Atmospheric E :
conditions, Stability of the energy scale, E
Fluorescence yield, Invisible energy, Statistical @ 100k
error of SD calibration fit = -
FD energy scale: ~ 14% - -
Q@ |
. =
SD resolution for energy o 10F
reconstruction: Energy: ~ 20% E
(@2 EeV)to~ 7% (@ >20 EeV) @ -
. @ . ~ Si[VEM
Hybrids (FD + at least 1 SD = - S, [VEM]
station): Energy resolution ~ 7% - — N, !
1 IIIIII|. 1 1 IIIIIII 1 1 L1 1 111
0.2 1 2 34 10 2 100

E., [EeV]

Features of the energy spectrum of cosmic rays above 2.5 x 108 eV using the Pierre Auger Observatory, Phys. Rev. Lett. 125, 121106 (2020)
Measurement of the cosmic ray energy spectrum above 2.5 x 108 eV using the Pierre Auger Observatory, Phys. Rev. D 102, 062005 (2020)
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Energy spectrum of UHECR

1038

J-E3(eVZkm~2sr-lyr-1)

18.0 18.5 19.0 19.5 20.0
A=1 log10(E/eV)

1<A<5
4<A<23
22<A<39
38<A<57

A.Aabetal., PRL 125, 121106 (2020)

A.Aab et al., PRD 102, 062005 (2020)

A.Aab et al., Eur. Phys. J. C81 (2021)

V.Novotny for the Pierre Auger Coll., ICRC 2021, #324
Diego Ravignani ICRC 2025
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Position of shower maximum

e Transition towards heavier composition around 2 EeV
® Break in <Xmax> vs E below the Ankle energy (break in RMS(X,,,,) at roughly the same energy)
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Combined fit: spectrum + composition

E. Roulet at ICRC 2025

E>10Y2 eV JCAP 05 (2023) 024
fit with two populations across ankle

lvih

E>10%7 eV JCAP 04 (2017) 038
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Large scale anisotropy

Auger Coll., Science 357 (2017) 1266;
ApJ. 891 (2020) 142;
Auger Coll., ApJ 976(2024)48

Established dipolar modulation in RA: E >8 EeV
at 6.8 sigma and 8 EeV<E<16EeV at 5,7 sigma

— the UHECRs are extra-galactic above 8 EeV,

while predominantly Galactic below few EeV
Important factors

- Mass composition

- Source distributions

- Magnetic fields deflections

- Quadrupole components not significant

Y Institute of Physics .
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Large scale anisotropy
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ApJ. 891 (2020) 142;

R. De Almeida, PoS(ICRC2021) 335

Auger Coll., ApJ 976(2024)48

Increase of amplitude with energy

Dipole direction stays in the same region

Location consistent with mixed composition
deflected by galactic magnetic fields

> 100 deg from Galactic center !!! — extragalactic origin!
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A.Aab et al., Ap. J. Lett 853 L29 (2018)
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Neutral particles

Photons: Pierre Auger Collaboration, Astrophys. J. 933 (2022) P.

Savina at ICRC 2025
Neutrinos: Aab et al., JCAP 10 (2019), JCAP 11 (2019)
A.Sehgal at ICRC 2025

Photons

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

s Cosmogenic (mixed - best-fit to Auger spectr, & compos,)
- == AGMN (Murase 2014)

Neutrinos

Low-|umin, BL Lac {Rodrigues 2021)
Starburst Galaxies (Condorelli 2022)
Magnetars from BNS (Fang 2017)
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GZK mixed {Bobrikova et al. 2021)
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I\/IUOn pUZZ|e H -o- EPOS-LHC E=10wc\/l,(i=67"

A.Aab et al,, PRL 126 (2021) 152002 bl i
Pierre Auger Collaboration, Eur. Phys. J. C80 (2020) 1] gL
J. Vicha, et al, PoS(ICRC2021)310

Pierre Auger Collaboration, Phys. Rev. D 109 (2024) 102001.

* Muon excess (30 - 80 %) in data wrt simulations seen in all analyses
* Inclined hybrid events
* Muon detectors (AMIGA)
* SD only — universality

* Muon number fluctuations OK (cumulation effe any interactions)
I I | I | P L |
01700 720 740 760 780 800 820
* Many attempts to explain muon puzzle — modification of interaction \ (Xmax) / g cm™
models, phenomenology, data driyen (muon and X, _, shifts) ... —02 10175
4 - e
- 10°< 6 <45
~04 1 °P<0<45 —
e e e & ] ol [ @ ] Auger
450 L e QGSIet 1104 + AXu L ) - —OG < 0O Y
: ?ﬁ}sl??t,]?ldni on :_._‘_::_"« e E - +_ e, i : ......... *s .ii N o
oo [ T Sl - < OF } H+++++H'+'----—--_"_"'_""_'"_" e = N I ™ B >
N | N bt S -08 4 0. .
E—l’ 750 [ __,./.,-;}-"/:.0 iy % 3 .;": : ....... . ~0HL
R RIRY g N Ol
S b ty 07 o EPOS-LHC el “~oP
650 :_ y /// ® augertd : T — { + : D (2(:8«](‘tll-01 D
E // O AugerSD w0 E_____________ —— | Ee —12  ZEE U ey JENL DN JEND N SENE SN Smms ey WSO ENTE Sk ey B ST Jme ames GEEE DR
ﬁml?T-J/ I Inl 5 Ilslol - Ilsl 5 I|9|UI - .1;': B I"[:[] I[;I_nl . .17|sl . Imlul B lesl - lglu - Ileal 5 200 600 625 650 675 700 725
lg( Epp / eV ) lg( Erp [ €V) Xum)/ gcm o A\
(‘g) FZU I;Eﬁte:%:gﬂ::;s Tatra Astro Summit 2025 Augerprlme - tO SOIVE the 15 PIERRE
muon puzzle ! AUGER




Results of Phase | (before AugerPrime)

4

Institute of Physics
of the Czech
Academy of Sciences

Flux suppression well established : the UHECR
sources must be nearby (< 200 Mpc)

Composition mixed and heavier above ~ 2x10¢ eV
from Xmax measurements ... but statistics too low
above ~10%°~ eV due to FD duty cycle ~15%

Large scale dipolar anisotropy (6.8 ¢ ) : extragalactic
origin for UHECR > 8 EeV + Hints of correlation with
at intermediate angular scale

Muon puzzle: muon content in simulations lower
than in data == Tension with all hadronic models
Strong limits on the flux of neutrinos and gammas:
“standard” astrophysical scenarios of UHECR
production

... and many more

Tatra Astro Summit 2025
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Future of the Observatory -
AugerPrime — Phase 2

Water-Cherenkov station (WCD):

» addition of the the SSD (Surface Scintillator Detector) - to
measure the mass composition in combination with the
WCD

» addition of the RD (Radio Detector) - to measure the radio
emission of showers in atmosphere (30-80 MHz)

* New electronics, wider dynamic range - to process the
signals of all detectors (40 MHz -> 120 MHz, better GPS
timing), small PMT (sPMT) to increase the dynamic range of
the WCD (= 20,000 VEM)

Infill region (61 WCD):
* the UMD (Underground Muon Detector) - to have a direct
muon measurement (infill area, 30 m?, 2.3 m underground)

N Institute of Physics .
(0 2 FZU Acadermy of Sclences Tatra Astro Summit 2025 17




Future of the Observatory
—AugerPrime - Phase 2 SCIENCE CASE

o= = 1. Elucidate the origin of the flux suppression,
10 i.e. GZK vs. maximum energy scenario -

N : " fundamental constraints on UHECR sources -
3 ‘ o T e i ae galactic vs extragalactic origin - reliable

nal /VEM or MIP Peak

Signal/VEM or MIP Peak
=
Signal/VEM or MIP Peak
—_—
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¥

- mm; \‘\\ | / = l B prediction of GZK v- and -y fluxes
I3 e ; |J | ey ol L 2. Search ff)r a flux con.tribution of protons up
S 104 = m}jj ' g;iudMDét e WA N§ to the highest energies at.a level of ~ .10% -
e - P B proton astronomy up to highest energies -
RS s s I é:’ prospects of future UHECR experiments
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Where is the piano now?

Exkluzivni reportdZ z hvézddrny Antonina BecCvdre. Nahlédnéte pod
kopuli brandyského pokladu 20 kvétna, 2025

Jak si na Antonina Becvare pamatujete, ptam se. ,,Poslednich 14 let
jsme zde Zili spolu, ale i kdyzZ byl na Slovensku, tak jsem ho tam kazdé
prazdniny navstévoval. Samozrejmé jsme spolu koukali do
dalekohledu a pozorovali mésic i komety. Byl to pozoruhodny clovék a
vlastné takovy mdj treti rodic¢. Hravali jsme spolu ¢tyfrucné na klavir,”
zavzpominal Becvartv synovec. ...Antonin Becvar byl nejen svétové
uznavany astronom, ale doma hral také velmi rad na klavir. Jeho
plivodni ndstroj lze stale slySet v brandyské synagoze. VVybornou
klaviristkou byla jeho manzelka, kterou potkal ve Vysokych Tatrach.

| 5

Vojtéch Vlancura,

and THANK YOU Michal, Natalia and Patrik for
organizing this meeting... |

Antoniny@@guar

N Institute of Physics .
(0 2 FZU Aademy of Sclences Tatra Astro Summit 2025
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