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Ultra-High-Energy Cosmic Rays
> Relativistic charged particles of extragalactic origin with energies > 108 eV.
o Deflected by magnetic fields on their journey through space.

o Approximately 1 particle / km? / year.

A Not to scalel!
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Ultra-High-Energy Cosmic Rays
> Relativistic charged particles of extragalactic origin with energies > 108 eV.
o Deflected by magnetic fields on their journey through space.

o Approximately 1 particle / km? / year.
Open Questions

* What are they made of ?

* Where are they originating
from?

* How do they obtain their
... energy?
% How air showers form and

A\ Not to scale! develop?
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The Pierre Auger Observatory - Phase |

An hybrid experiment in the Argentinean pampa since 2004

17 countries — ~400 scientists and staff
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17 countries — ~400 scientists and staff
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The Pierre Auger Observatory - Phase |
”FRRF . Longitudinal profile

> Electromagnetic component.

Lateral distribution ) ) . .
o Calorimetric estimation of

E.ec = f(5(1000),6) - : the shower energy (~14%).

o Depth of maximum
development X__ .

o Low duty cycle: ~15%.

Signal [VEM]

Lateral profile

I T Illllﬂ] T ll”lﬂ] T llllml T TTTIT

> Electromagnetic and hadronic
components.

o Shower direction.

o Energy of the shower
(~12-16%).

o ~100% duty cycle.

- 'Sw“l‘age detect

K
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Key measurements

Energy spectrum > 19 years of data.
> Vertical (< 60°) and inclined (>60°) events.
>  Exposure: 104 900 * 3000 km sr yr.
Calibration against fluorescence detector > No declination dependence.
energies using hybrid events
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*More spectra in back-up
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Key measurements

Mass composition

* X __ as amass-discriminating variables: lighter primaries produce deeper showers.

* Reconstructed with fluorescence/surface detectors and radio antennas.

900 80
R R W T e POS(ICRC2025)442
/ > Composition getting
e f\ S . proton heavier above 2 x 10'® eV.
o B i h\:,‘\”\‘ - |
N - > Fluctuations hint at a more
=00 iy + pure composition at higher
2 " H energies.
S A
3 ife . |
) S e + >  Exclusion of propagation
e effects (GZK) as the cause
o0l Rl 57 of spectral cut-off.
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Key measurements

Mass composition
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Extensive air showers

e

Main method to study ultra-high energy cosmic rays — indirect detection!

P"‘"‘a"y Particle A complex interplay of interactions and decays...
mteractlon
K'.' KO/ with air nuclei .
i / | \ Air shower components
T, n<—K K—1°
Pﬁ / \ % Hadronic: long-lived hadrons, charged
| || ” oA pions and kaons.
hadronic l \ /\
casmde ¢ e e e e e
Hﬁ“‘a % Electromagnetic: fed by the decay of
radiation neutral pions r°.
V V % Muonic: charged pions and kaons decay.
TR TR AR T pTK & yyedyy 6
nuclear fragments
muonic component hadronic electromagnetic
neutrinos component component
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Extensive air showers

Q Main method to study ultra-high energy cosmic rays — indirect detection!
P"'“‘a"yra"t'c'e A complex interplay of interactions and decays...
int ti
K K° / withear?rcn':cnlei .
@ / Air shower components

T

T

% Muonic: charged pions and kaons decay.

vV
wowoy yow

- ,ui(;lz (~ 100%)

(Ej (~ 63.5%)

The Pierre Auger Observatory 6

muonic component
neutrinos
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Muon measurements
% Why are muon measurements important for UHECR research?

> Study hadronic interaction processes at the highest energies.

The Pierre Auger Observatory 7



Muon measurements
% Why are muon measurements important for UHECR research?

> Study hadronic interaction processes at the highest energies.

> Investigate the mass composition of UHECR.
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Muon measurements

% Why are muon measurements important for UHECR research?

> Study hadronic interaction processes at the highest energies.

>

>  Search for neutral messengers (y, v).

The Pierre Auger Observatory 7

Investigate the mass composition of UHECR.
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Muon measurements

|I'IC|II'Ied alr Showers Pierre Auger Collab., PRD 91, 032003 (2015)

% The electromagnetic component is absorbed
by the atmosphere.

proton - EPOS-LHC -10"° eV

10°

10° ||

number of particles

\ em:. particles
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X [g/em?]

MC: p QGSJET I1-03
E=10"YeV
6 = 80°

9=0" 135

90°

270°

45°

315°

> SD-1500 array + FD
>  62°<6<80°

> Above 4 x 108 eV

Arrival direction of
muons
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Muon measurements

|I'IC|II'Ied alr Showers Pierre Auger Collab., PRD 91, 032003 (2015)

7
L. X4

The electromagnetic component is absorbed

by the atmosphere.
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Muon measurements

Innllned alr Showers Pierre Auger Collab., PRD 91, 032003 (2015)
> SD-1500 array + FD

% The electromagnetic component is absorbed

by the atmosphere. >  62°<6<80°

. 1.0 . ; : i : : > Above 4 x 10 oV
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Muon measurements

...and ﬂ uctuations Pierre Auger Collab., PRL 126, 152022 (2021)

> SD-1500 array + FD

Proton-proton equivalent c.m. energy /s / TeV

80 90 100 200 300 400 —ESEPOS-LHC --EHQGSJetll-04 --- EEMSIBYLL-2.3d @ data
0.30 F—— . ' ' >  062°<60<80°
— EPOS-LHC ¢ data 0.18- TN @ 4-mass-Xpa-fit-+model
025k == QGSJetll-04 f-mass- X yax-fit+models 0.16 // N\
-~ SIBYLL-2.3d YA S W > Above 4 x10'8 eV
' P\ * \ G
R o012 : ’L
o 3 AP \ .k
= = 0.0 {\{ % i ]
IS S W L T
e b= k. L R
0.08 Hev =)\ | %
A\ W TS L
0.06 W
N W \‘i -
0.04} \ i
Fel| ° E=10YeV
’ 1 L 1 i I 1
0.00 o T2 00— 14 16 18 20 22
E/eV (Ry)

>  Fluctuations of the muon content are consistent with hadronic model
predictions - first interaction well understood.

> The muon number deficit in simulations most likely related to an
accumulation of small deficits along the air shower development.
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Muon measurements

Radio measurements

POS(ICRC2025)417 (2025)
Full paper submitted

DS
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»  Hybrid measurements — ground detectors + radio.

> SD-1500 array + AERA
> 65°<0<80°

> 18.60 < log, (E/eV) <1910
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Muon measurements

Radio measurements  siere avger coliab, posicrez025417 2025) > SD-1500 + AERA

< Radiation energy vs. muon content > 63°<0<80°

> 18.60 < log, (E/eV) <1910

>  Using the LDFs to get the energy and the muon estimators of the showers.

p/.l(?; 9’ ¢, E) = N19pﬂ,19(?; 97 ¢)

f- data + profile
2ol — +|4 EEgm o VSiad
B H“ " g 0000 |e QGSJETII-04
~~~~~~~~~~~~~ Sibyll 2.3d
. =l | Lo M2 + & —— EPOS-LHC
(] . .
2 = ) > Low statistics » results
10 du iy &0 compatible with iron or
# + Son lighter composition.
‘ T
0.6
06 40 events
0.6 1.0 1.4 2.0 0.7 1.0 14 2.0
\/Sraa/GeV V/S:aa/GeV

The Pierre Auger Observatory 12




Muon measurements

Underground measurements Pierre Auger Collab., Eur. Phys. J. C (2020) 80:751
: . > 7 UMD
% The electromagnetic component is absorbed

by the ground. > @ < 45°

>  Muons with energies above 1 GeV detected up to a zenith angle of 45°.

> 175 <log,,(E/eV) <18

750 m

/ spelectronic, {D S 7DO
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O O O s
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Muon measurements

Underground measurements Pierre Auger Collab., Eur. Phys. J. C (2020) 80:751
. . >  7UMD
% The electromagnetic component is absorbed

by the ground. > @ < 45°

>  Muons with energies above 1 GeV detected up to a zenith angle of 45°.

> 175 <log, (E/eV) <18

349 g4 439 233 119 46
3.0 |
2.6

2 g0 p (450)/ fare (0)

= 184

1S3

=T

":I‘-\ 1.4 P

i LT o e

\&/ L R I s

- O data
110 —05 00 05 10 -ees QGSJetll-
9.1017 18 59.1018 0.65+—= y — T T

E/eV e
> Disagreement between hadronic models and data (~8% for EPOS-LHC and ~14% for QGS JET [1-04) »
shift within the systematic uncertainties for a pure iron composition.
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Muon measurements

Underground measurements Pierre Auger Collab., Eur. Phys. J. C (2020) 80:751
> 7UMD

% The electromagnetic component is absorbed
by the ground. > @ < 45°

>  Muons with energies above 1 GeV detected up to a zenith angle of 45°.

> 175 <log, (E/eV) <18
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Muon measurements

Muon prOduction depth Pierre Auger Collab., PRD 90, 012012 (2014)

DS
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muon production point
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Geometric time delay:

ctg=1-(z-4)
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» Time delay in SD stations » production height of muons.

Result of production spectra, energy losses and decay of muons.

> SD-1500 array
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Muon measurements

Muon prOduction depth Pierre Auger Collab., PRD 90, 012012 (2014)
. . ) . . > SD-1500 array
% Time delay in SD stations » production height of muons.

>  45°<0<65°

> X¢__ asamass discriminator.

ma > Above15x10° eV
C :: : o “E 00— Datassos
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I E %/ 600~
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< Xrax [gfem’] - 859 574 35 242
2 o[ - l—————l——-———.L - @ 47 35
=" 500 * *
5[ o Elongation rates:
i ++ 450 -Hadronic models: ~ 25 g/cm?/decade
B . . . - -Data: -16.9 + 7.2 g/cm?/decade
of Gaisser-Hillas fit T AL ; - : :
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Muon measurements

Muon prOduction depth Pierre Auger Collab., PRD 90, 012012 (2014)
. . ) . . > SD-1500 array
% Time delay in SD stations » production height of muons.

>  45°<0<65°

> Tensions with X Mmeasurements.
max > Above15x10"9 eV

T [+ Xom < 9
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Other analyses...

% Not an exhaustive list — a wealth of fascinating physics under investigation!

>  Proton-proton cross-section measurements (Olena’s talk after the coffee break).

Vs 1 GeV
103 104 10°
T T S —
1 Mass & xsec fit ! TOTEM
®  Tail fit (Ay) ¥ UAs
140 % Auwger2012) & CDFETIO
L & Auger(2015) —— Sibyll2.3d o
[ @ ATLAS - =+ EPOS LHC-R LA
120 | cMs QGSJET-IILOI
I @ ALICE
o 100}
g
\-— 80 i .7
E A
60 f /,(1'
| e
40
20}
Oy 016 ERTE 20
10 10°° 10 10-
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Other analyses...

% Not an exhaustive list — a wealth of fascinating physics under investigation!

>  Proton-proton cross-section measurements (Olena’s talk after the coffee break).

> Testing hadronic interaction models with hybrid measurements.

Shad (0) Spaa (6) Ria (6)

‘b X max 9 Xmax+ A Xmax
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v L6 + QGSJet I11-01
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~ 14 @ Py
s b D
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= Lak 50
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Other analyses...
% Not an exhaustive list — a wealth of fascinating physics under investigation!

Proton-proton cross-section measurements (Olena’s talk after the coffee break).

Testing hadronic interaction models with hybrid measurements.

>  Searches for anisotropies.

3D dipole above 8 EeV
in equatorial coordinates

Science 357 (2017)
ApJ 976 (2024)
PoS(ICRC2025)272

30° 4

60°

latitude

—30° ' — e -75° 7Iongitude
Astrophys. J., 935:170, 2022
PoS(ICRC2023) 252 i =5 0 2 4
—-60° PoS(ICRC2025)177 Li & Ma significance [0]
Galactic centre — | E > 38 EeV, ~27° radius
0.43506 5
E > 38 EeV, ~25° radius

0.36980 — _ —
Flux [km=2 sr=t yr71]
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Other analyses...

D

Searches for anisotropies.

-
L

Neutral messengers.

Integral photon flux for E > E} / (km® st yr)
% 999 % . &89

3
b

Phys. Rev. D 110 (2024)

Pierre Auger Observatory

@ UMD + SD 433 m (2024)
JCAP 05 (2025) e HECO + SD 750 m (2022)
PoS(ICRC2025)965 @ Hybrid (2024)
v Y ® SD 1500 m (2019)
v 9 e KASCADE(-Grande) (2017)
n ¥ s > v EAS-MSU (2017)
R ¢ ¢ ‘YV ; ¥ o Telescope Array (2021)
} 00 Y
Cosmogenic . D 3
pp interactions in halo SRR ° q
Galactic CR interactions ® ¢ & -
GZK proton Be ¢ ¥
GZK proton I R/ [}
GZK mixed 5
Dark matter
SHDM la
SHDM Ib
SHDM I .
1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIII| 1 IIIIIIII 1 IIIIIIII
10' 107 10' 10" 10%
Ey/eV
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E? dN/dE (GeV cm2 571 sr1)

» Not an exhaustive list — a wealth of fascinating physics under investigation!

Proton-proton cross-section measurements (Olena’s talk after the coffee break).

Testing hadronic interaction models with hybrid measurements.

Cosmogenic (proton - pure GZK) (Kampert 2012) ~ ==ssssss
Cosmogenic (proton - best-fit to Auger spectrum)
W Cosmogenic (mixed - best-fit to Auger spectr. & compos.)

== = AGN (Murase 2014)

Low-lumin. BL Lac (Rodrigues 2021)
=« === Starburst Galaxies (Condorelli 2022)
= wm Magnetars from BNS (Fang 2017)

1l L M| L M| L M| L Btk
10743 EPJ Web.Conf.283 (2023)
\\ PoS(ICRC2025)1170 Sehgal £10000
10-54 \ F
0 This analysis [
2004-2021 ?1000
107 AR e E
| 100
;10
{uger integral (2022) E_l
1079 F
5—0.1
10-10 £
Single flavor L0.01
0.5 decade logi1oE f
1018 1019 1021

Energy (eV)

E2 dN/dE (EeV km™2 yr~! sr71)



Other analyses ...

% Not an exhaustive list — a wealth of fascinating physics under investigation!

>  Proton-proton cross-section measurements (Olena’s talk after the coffee break).
> Testing hadronic interaction models with hybrid measurements.
>  Searches for anisotropies.

> Neutral messengers.

> And many others ...
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AugerPrime

AugerPrime (7/2025)

® 1479 scintillators installed

« 1529 with new clectronics (incl. rim)
@® 1584 radio antennas

—
o

Containing measurements with

‘E 0.8} Scintillator Surface Detector (SSD)
2 —— Radio Detector (RD)
E 0.6} Unified Board (UB) Electronics 4
g = Upgraded Unified Board (UUB) Electronics
S04 d i
1=
B
02 .
0.0> = 5 = T
[} [ o [ [
S = = = =
o~ (3] o~ N (3]
F 2 § 3 0§
3 3 e 3
10 : ~ ¢  Water Cherenkov Detector 10 10
T = %  Scintillator Surface Detector .
) o~
g ¥  Underground Muon Detector < o
S 10 1102 1102
= 0 ( = 10 E
&3] - —
> S =
e = 2
£ 10! 10! 5 q100 E
z g a
)
a) = =
s E 3
£ 10} 10° & 10°
E%D July 5, 2024 L%D i
Energy/EeV = 13.9 + 0.07
0/°=454+0.2
107! s 41070 <1071
3x 10> 4x10% 6 x 102 10° 2x10°

Shower Plane Distance [meter]
PoS(ICRC2025)385 D. Schmidt
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AugerPrime

Y Surface Scintillator Detectors

3.8 m? scintillator plates on top of
all SD.

Allowing a better disentanglement

of the muonic and electromagnetic
components.

% Underground Muon Detectors

o Extending the underground array to

61 sites covering ~25 km?.

o Going as low as 10" eV.

\
it \
Z

Water Cherenkov Tank

Suwep = aSwep + bSssp
Sem,weD = ¢Swep + d Sssp

The Pierre Auger Observatory

Signal/MIP

Signal/MIP

Fibers FiIIing\

" PMT tube

Enclosure frame

e EM
— MUONS

100 200 300 400 506 600 700
t/ns

e EM
— MUONS

100 200 300 400 500 600 700
t/ns
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The Pierre Auger Observatory has improved our understanding of the ultra-high

energy universe and of hadronic interactions at energies beyond what is achievable
in (current) accelerators.

Many questions still remain - Muon deficit, sources, UHE photons and neutrinos...
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% The Pierre Auger Observatory has improved our understanding of the ultra-high

energy universe and of hadronic interactions at energies beyond what is achievable
in (current) accelerators.

%* Many questions still remain - Muon deficit, sources, UHE photons and neutrinos...

Exciting times ahead

e Upgrade of the Pierre Auger Observatory completed (radio antennas, UMDs, and

scintillators) and planned to run until 2035.

New hadronic interaction models recently released (Tanguy'’s talk).
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Key measurements

Declination dependence
Energy spectrum x 10"
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Muon measurements

Muon prOduction depth Pierre Auger Collab., PRD 90, 012012 (2014)

% Time delay in SD stations » production height of muons.

> Longitudinal development of hadronic cascade via X#

> SD-1500 array
> 45°<0<65°

> Above15x10"9 eV

full MPD distribution
MPD at 1000 m from the core
MPD at 1700 m from the core

llllllIlll[]lllllllllllllllvl‘.“;”‘i.':-[""-i-"f‘

F 195
[ Fe-10"~ eV
r — full MPD distribution
1000/~ .- MPD at 1000 m from the core sor.
L ~MPD at 1700 m from the core E &5
800 | 300 -
x [ 6=4r 3 20F
T 600 3 -
Z - 5 200
a00 |- 150 f—
r 100 f—
200 |- oo B
r Xt = / p(Z')dZ 50 [
olefl v 1 L e N Y ?
0 200 400 600 800 1000 1200 0 200

X" [g/em?]

400 600 800 1000 1200 1400 1600
X" [g/em?]

Survival probability
higher closer to the
core.

Core distance
dependence vanishes
for more inclined
showers.
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The Muon Puzzle

% A muon excess is observed in the data of multiple experiments, compared to hadronic
interaction models predictions!

D.Soldin et al. (WHISP), PoS (ICRC2021) 349

EPOS-LHC QGSJet-11.04 H.P. Dembinski, et al., EPJ Web Conf,, 210 (2019) 020040
:6 ] bloy,
84
21 & gzlz?ﬁw ...........
g 0002040608 10 g %000204 0608 1.0 1n<N ) —In (N )
,5 sys. correlation ,5 14 sys. correlation 2 = = 4
| |
3 5 of L
>z ____.expectedz
@ Auger ED+SD Yakutsk AGASA @ Auger ED+SD Yakutsk AGASA mass “ . N
—11 & Augerump4sp ® NEVOD-DECOR Expected from Xpex —11 & AugerUMD+SD ® NEVOD-DECOR Expected from Xpsx fro M COmMm pOS|t 1ON fOl |OW| N g
4 IceCube SUGAR +=+ GSF 4 lceCube SUGAR -t- GSF X t
1015 1016 107 10'8 1019 1015 1016 107 10'8 1019 max measurements.
EleV EleV

> Cross-calibration of the energy scales to correct for the systematic offsets.

>  Departure from O (where simulations and data agree) around 40 PeV , at a level of at
least 8e.

> Need for a better understanding of the muon deficit.
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The Muon Puzzle

SD-1500 array + FD
>  0<60°
18.78 < Iogm(E/eV) <19.20

4

Vertical Hybrld measurements pierre auger coliab, PRL 117 192001 (2076)

% The electromagnetic component is quantified >
and subtracted.

I | | | LI T T | : ;
Froton Sim Proton Sim =
Energy: (13.8 + 0.7) EeV| Iron Sim ------ Iron Sim 4
(\? 30 k| Zenith: (56.5+0.2)° 2I/Ddat:1 '1 & % Data o
() =1. 2 b
5 Xypanc: (752 + 9) g/om? xiGor{e) 107 £
2 ¥“/dof (Fe) = 1.21 -
3 =
by &R (RS . b
X X T
h 10" |
°T 10 | |
! L 1 1 g ® . 1 1 1 |
10
200 400 600 80(; 1000 1200 500 1000 1500 66D
Beptiiiglem.] Radius [m]

> Top-down simulations: For a given hybrid event (E,0), find the simulations that fit the

>

longitudinal profile of the event the best.

Lateral profile of ground signal underestimated by hadronic models.

The Pierre Auger Observatory



The Muon Puzzle

Vertical Hybrld Mmeasurements rierre auger coliab, PrL 17, 192001 (2016) > SD-1500 array + FD
>  0<60°
% The electromagnetic component is quantified > 18.78 <log,,(E/eV) <19.20

and subtracted.

2 .
18
16 | Stesc(RE» Rhad)i j = RePemii j|+ RuadRHShad i j
14 | |
R N2
= 1 > Sregc - Signal at 1000m once the EM (S, ) and the
08 | Systematic Uncert. | hadronic (S, ) component of simulations for a
: Qll-04p o primary i have been rescaled by R_ and R, _,
0.6 1 Qll-04 Mixed © - 3 had
EPOSLHCp = respectively.
i | ~ EPOS-LHC Mixed O
0.7 0.8 0.9 1 1. 1.2 13

Re
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The Muon Puzzle

Hadronic rescaling and X___ shift

< Simultaneously fitting X __ and the ground signal with

MC templates.

Phys. Rev. D 109 (2024) 102001
PoS (ICRC2025) 528

Shad(e)_)shad (6)'Rhad(6)

60
logm( Em/eV )=18.5-19.0 MC s
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L 25
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> SD-1500 array + FD
> (0°<0<60°

> 185<log,,(E/eV) <19

® e(0° 33°)
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The Muon Puzzle

Phys. Rev. D 109 (2024) 102001

Hadl‘ﬂnic I‘esca"ng and Xmax Sh|ft PoS (ICRC2025) 528 > SD-1500 array + FD

< Simultaneously fitting X__ and the ground signal with | & 5o g <gno
MC templates.

> 185<log,,(E/eV) <19

Hmin = 280
1.5
v EPOS-LHC | —— lo
s QGSletll-04f ——- 30
1.4 Sibyn23d | — — 30
_uaf
(o > Deeper X ___ for all models.
< N max
B 12 S =
m-: S ‘< N . . o o
i RS > Helps in reducing the muon deficit by
L1 e ~20%.
LOF !
11 l 1111 l llllllll [ 1111 l 1111 l o B l 1111 l B |
20 <10 0 10 20 30 40 50 60

AXmax / (g/sz)
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The Muon Puzzle

. . . Phys. Rev. D 109 (2024) 102001
Hadl‘ﬂnlc I‘escahng and Xmax Sh|ft PoS (ICRC2025) 528 > SD-1500 array + FD
‘ . . . (3 .
< Simultaneously fitting X __ and the ground signal with [ 5. 5o <9 <gQe
MC templates.
> 185<log,,(E/eV) <19
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