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Cosmic rays: the most energetic particles in the Universe
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High energy cosmic rays are very
difficult to measure because the flux
Is too small and one need huge
detectors. They cannot be measured
directly .

Energy of CRs far above the ones
achievable by present accelerators :

Possibility to study hadronic
interactions at the most extreme
energies



Sources/acceleration

Extensive air shower

Cosmic ray particle Detector

Challenges in cosmic ray science :

= Uncertainty on primary energy, mass compes
-> Extrapolation from LHC energy

-> Extreme forward regions critical :
Pseudo-rapidity [n| = 5 at LHC.

N = 7 — 11 covers the majority of the energy flow of the
first interactions.

-> Hadron-Air interactions are critical: g
Collision systems include p-p, p-Pb, Pb-p, Pb-Pb at LHC.§

p-Air ... Fe-Air, i-Air interactions are of utmost
Importance for air shower physics.

Earth’s atmosphere as

ition . -

a calorimeter
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Extensive air showers

Primary Particle

Telescopes measure longitudinal development: \ll
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AINN, = ANy/N,,

AXmax / gCcm™2

-elasticity: (E.,./E

total

Extensive air showers

Air shower development dominated by:
-mass and energy of primary CR
-cross-sections (p-Air and (1r-K)-Air)

(lab frame))

-multiplicity (total number of secondary hadrons)
-Fraction of M0 (charge ratio)
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Fraction of x¥:

Impact on the mean number of muons

Multiplicity:

Impact on the mean number of muons

and also on {(Xmax)

Elasticity:

Impact on the fluctuation of the number of
muons and also on (Xmax).

Cross section:

The Xmax distribution iIs most sensitive to
the Inelastic cross section.



Pierre Auger Observatory: Multi hybrid detection of extensive air showers
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Surface Detector AugerPrime will add new detectors,

F/UO;"@ T - becoming a multi-hybrid instrument.

s o T L

Fo = Ecal + Einvisible Ce,,ce De] T / 1660 water Cherenkov tanks iy Wa‘e;ﬁg:g”km'
ec’O/' Different spacing.

A Quasi-calorimetric energy measurement
Area of 3000 km?

Sensitive to both e.m. and muonic

~15% duty cycle

4 building with 6 telescopes each + 3 high
elevation telescopes shower components

2.3 m of soll



Proton air cross section
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Tuning the cross section to reproduce An

Cross-section: =50% at 10*? eV
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Energy dependent rescaling of the cross section
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Cross-section is changed
empirically in the simulations
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The proton-air cross section measurement measured 1n two energy bins
centered at 10179 eV (38.7 TeV c.m.s.) and 101825¢V (55.5 TeV c.m.s.)
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Measurement of the EAS muon content with hybrid inclined showers
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The EAS muon puzzle at Auger over extended energy range
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Measurement of the relative fluctuations of the number of muons

Proton-proton equivalent CM energy /s / TeV
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Simultaneous fits to the X,,.x (FD) and the ground signal (SD)
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Conclusions

The Pierre Auger Observatory has measured the p-air cross section into two energy bins, both beyond the
reach of LHC.

The post-LHC hadronic interaction models are unable to provide a consistent description of the measured
showers

An intriguing discovery emerged regarding the muon content of air showers. While simulations accurately
capture event-to-event muon fluctuations, the predicted mean value falls significantly short and it still lag
behind our data. This discrepancy, now known as the 'muon puzzle,' remains an active area of investigation.
Simultaneous examination of Xmax and ground signal distributions has revealed that also the simulated Xmax
values deserve further investigation. All existing hadronic interaction models fail not just in their prediction for
the muon flux at a specified energy, but also in the predicted depth of shower maximum: adjustments to Xmax
(+20/30/50 g/cm?2) may alleviate the muon deficit present in simulations (15% to 25%).

Looking ahead, forthcoming multi-hybrid shower measurements, which include data from water-Cherenkov
detectors, scintillator surface detectors, underground muon detectors, radio detectors, and FDs, will provide

invaluable data for refining our understanding of hadronic interaction properties in Extensive Air Showers (EAS).



