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Ultra-high energy cosmic rays

Even the most powerful accelerator reaches only to equivalent energies of 107 eV

syv/GeV modified from HD et al. PoS (ICRC 2017) 533
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Cosmic rays allow to study hadronic interactions at ultra-high energies
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UHECRSs from Air Showers

® EAS simulations and hadronic interaction models are the key
ingredients to study UHECRs

Mass composition identification from the secondary particles

® Considered hadronic interaction models:
EPOS-LHC
QGSIJET 11-04
S|by” (2.3C/d) INTRODUCTION

C. TRIMARELLI 4



Extensive Air shower

An air shower is an extensive cascade, with a length of many km, of ionized particles and
electromagnetic radiation that initiates when a primary cosmic ray (E > 10'® eV) enters the
atmosphere.

The shower is composed of three components:

S ] §
® The em component characterized by the

pair production, the bremsstrahlung
and the ionization energy loss;

___"‘5'.‘_ y

0

uw

® The hadronic component produced by /
charged hadronic particles involved in
the strong interactions with the
atmosphere; .

v,

® The muonic component weakly interacts / et/
. . | €
and it can be detected at ground using v /
SD. EM cascade Y

-

_ K ™\ ntonic INTRODUCTION
hadronic component component

Heavier mass primaries induce showers with larger
hadronic component and therefore more muons

Electromagnetic component remains ~ the same
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e At a depth X the number of particles in the shower is N(X) = 2" = e,

At the shower maximum we define:

99,88% of electromagnetic (e/m) particles
® Nuux = Ey/E; 0.1% of muons
0.02% hadrons
o Xmax = XO + Aemlogz(Eo/Ec) ?

A nucleus with mass A and energy E|, is considered as A independent nucleons
with energy E,/A each.

EO
D X, xA—
AE,

Ey/A\”

2) N;?(Xmax) = A = A 1_aN5(Xmax)

dec
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The Observatory

Located in the southern hemisphere is the largest air shower detector built so far

Pierre Auger Observatory
Province Mendoza,Argentina

: < Water-Cherenkov stations
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The Observatory

+Atmospheric monitoring devices
CLF, XLF, Lidars, ...

Los Leones
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Hybrid Detection

The SDs measure photons and charged particles at ground level
The FDs observe longitudinal development of air showers in the atmosphere

The RDs complement this setup studying radio emission from air showers

AugerObservatory Phase |

Fluorescence Detector (FD):
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Surface Detector (SD) Joo TP N b A
100% duty cycle o o

Calibration of the SD risetime with X, distributions measured with the FD

The Observatory

The Pierre Auger Observatory has been designed to investigate the highest energy cosmic rays with energy exceeding
1019e\/, combining a surface array of particle detectors with fluorescence telescopes for hybrid detection
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Probing hadronic interactions...

Self-consistency tests of the post-LHC hadronic models using measurements of the depth of
the shower maximum and the main features of the muon component at the ground.

Fluorescence Detection

® Depth of the shower maximum;

g

® Cross section measurement ;

Surface Detection

® Muon measurement with highly inclined showers;

INTRODUCTION

® Direct measurement with buried muon counters;

® Fluctuations in the number of muons;
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Depth of shower maximum
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Cross Section Measurements
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Muon measurement with highly inclined showers
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Muon measurement with highly inclined showers
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Measurement of the fluctuation in the number of muons

Fluctuations in the number of muons between showers

(R,)/(E/10Y V)

2.4 YV VvV VvV v v Proton-proton equivalent c.m. energy /s / TeV
¢ data 80 90 100 200 300 100
29 - —m = 0.30 —m : : '
—_ EPOS-LHC ¢ data
0.25 - QGSJetII-04 l-mass-X,,.-fit+models
SIBYLL-2.3d
0.20
= 0.15
S
0.10
— EPOS-LHC TTTe==-ITT
1.0 ‘ , 0.05
== QGSJetll-04 aad
o sl SIBYLL-23d TP TP TP TP TP TP TP PP PTTT PP PPRTPPPPRTTTPPRPTTIIrrr. . . FRPTRTTRRRTPPT
1 1 1 1 l 1 1 1 1 1 | 1 1 , (j.()() 1 1 | L 1 1 l - | | 1 1 | | | | a
10" 102 10" 102"
E /eV E eV
(N(EY) = mé = CEP —> o(my) = 2
The necessary increases in the average number of muons to H T i -
i

reconcile the simulated values with the measurement vary

the fluctuations are mostly dominated by the first interaction!
from 26% to 43%

Muon Measurement

An agreement between models and data for the fluctuations and a
significant deficit in the total number of muons are observed!

The Pierre Auger Collaboration, Phys.Rev,Lett. 126 (2021) 152002 \
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Measurement of the fluctuation in the number of muons
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Direct measurement above 10!/~
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Measurement of the number of muons
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Further works

= Hybrid muon measurement

The Pierre Auger Collaboration, Phys.Rev.Lett. 117 (2016) 192001

= Muon Production depth

EME ocsiel
The Pierre Auger Collaboration, Phys.Rev.D. 90 (2014) 012012 ¢ — J . :
M. Mallamaci (Auger Coll.) PoS (ICRC2017) 509 R

= Measurement with risetime

The Pierre Auger Collaboration, Phys.Rev.D. 96 (2017) 122003
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Conclusions and Future Prospects

The Pierre Auger observatory hybrid detection allow to measure the electromagnetic
and hadronic components of air showers

- The number of muons is not well reproduced ;

- Fluctuations in the number of muons within the range predicted by the current hadronic
interaction models;

- Proton-air cross section measurement using X _ .. distributions;

Improvements given by the upgrade of the Observatory detection system AugerPrime (See F. Sanchez talk)

® Adjustments to the predictions of X ., and the hadronic signal at the ground
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Thanks for your attention!
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Upgrade of the Pierre Auger Observatory

Auger Observatory Phase |l

.
AugerPrime - Data taking 2022/23 - 2030

Physics motivation - AugerPrime (8 years, 6 < 60°):
 Composition measurement up to 10?0 eV 28;888 m :: z: EﬁEZZZ :;)
 Composition selected anisotropy - Re-analysis of old data set

* Particle Physics with air showers (muon estimate) (deep learning)
* Much better understanding of new and old data

VERTICAL (0-60°) HORIZONTAL (60-90

Components of AugerPrime RD y ad\/o‘ A\

- 3.8 m? scintillator panels (SSD) e/m

- New electronics (40 MHz -> 120 MHz) Aobe Pas r .
- Small PMT (dynamic range WCD) > \”Ar \

- Radio antennas for inclined showers

v
- Underground muon counters
(750 m array, 433 m array) e
- Enhanced duty cycle of fluorescence tel. SR e 5 (AugerPrime design report 1604.03637)

Muon Measurement
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Average Expected:

96 / month //
//// Average: 39 / month
//
//
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Muon Measurement

w/o PMT
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Upgrade of the Pierre Auger Observatory
AugerPrime

VERTICAL (0-60°)
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| . - Cross check with underground

(AugerPrime design report 1604.03637) .
buried AMIGA detectors

- Extension of the FD duty cycle

C. TRIMARELLI




The Observatory

Located in the southern hemisphere is the largest air shower detector built so far

Pierre Auger Observatory
Province Mendoza,Argentina

GPS Antenna

Communications
Antenna

|
;1

R

Lidar +  Telescope building

Electronics

The Observatory

Plastic Tank
4 with 12 tons
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Mass Composition @ Earth

Measured considering the atmospheric depth at which the number of particles in an air shower reaches its maximum
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Mass Composition @ Earth

Mass composition @ Earth (top of the atmosphere)
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Heitler Model

At the shower maximum we define:
¢ Nmax — EO/EC;
o X = X E /E

mar = Xo  4enl082(Eo/ Ec) INTRODUCTION
A nucleus with mass A and energy £, is considered as A independent nucleons with energy E,/A each.
The superposition of the individual nucleon showers yields:
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