Ultra-high-energy hadronic physics

at the Pierre Auger Observatory AN
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Pierre Auger Observatory

Fluorescence detector: longitudinal shower profile

Surface detector: particles arriving at ground
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Hadronic interactions in cosmic ray showers

Heitler-Matthews model (astropart. Phys. 22 (2005) 387)
Ximax = A In[Ey /€] + Xo — Ae{In[3Nen] + In[A]}

B
N, ~ (g) A1=6) Br1l-— 3T0[Na] > 0.9

X _.and NH sensitive to both interaction properties and primary mass

Eem —1_ EO ot -
Eo T A Eo ~ 20GeV
Vs

EM component dominant at UHE, less affected by interactions/mass
- ground signal changes mainly with X due to attenuation
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Hadronic interactions and UHECR

Primary interactions of CR observed at Auger mostly above
the c.m.s energy of LHC (for p-p collisions)
- even at LHC energy, models uncertain due to lack
of forward measurements
- below LHC energy: uncertainties in nuclear
and pion interactions etc.

Vs [TeV] (p-p) .
13.7 43.3 137 433 Models predict

interaction
properties above
experimentally
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- modifications of
predictions have
strong impact
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The simplest test: are data between proton and iron?

PoS(ICRC2023)319

Eur. Phys. J. C (2020) 80:751

Phys.Rev.D91:032003,2015
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Are muon measurements consistent with Xmax data?
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,Muon puzzle“: muon data indicate much heavier primary

<ln(p35/m_2)>

composition than depths of maxima

- indicates insufficient understanding of hadronic interactions

at UHE energies

- note the still large uncertainties
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Beyond mean values: fluctuations
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NH fluctuations (from inclined
showers): fluctuations
consistent with models!

- fluctuations dominated

by first interaction —

muon puzzle likely due to
small changes in multiple
generations!
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Combined fits of full distributions of X __ and ground signals
PoS(ICRC2021)310
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2D distributions of ground signal S(1000) and X __ for hybrid events with E between 10'®°-10" eV are
split into zenith angle bins, adjusted to a reference energy and fitted with simulated templates of sets
of p, He, O and Fe showers, with free parameters being:
- the fractions of individual nuclei in the primary beam
- a uniform shift in depth of maximum AX
- arescaling parameter R for the hadronic part of the ground signal, closely related to RH
- the split of the signal into hadronic/EM parts follows the simulations
- secondary change of ground signal due to AX__ is accounted for separately
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RHad (emi n)
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Future prospects: AugerPrime upgrade

Surface detector upgrades for the entire array:

- Scintillator-based surface detector (SSD, muon/EM separation for lower zenith angles)
- Radio detector (RD, muon/EM separation for larger zenith angles)

- Upgraded Unified Board (faster electronics, more channels)

- Small PMT (increased dynamic range) PoS(ICRC2021)262
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Underground Muon Detectors:
- smaller part of the array
- direct muon counting

Scenario 2
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Relevant expectations for hadronic physics:
- improved muon measurements

0.0
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Summary

e UHE Cosmic Rays detected by the Pierre Auger Observatory offer a unique look into the hadronic
interactions at energies far beyond the capabilities of human-made accelerators.

e Multiple methods of measurement of the muon number point towards a discrepancy between models
and data, which is most likely due to cumulative effects of small changes in several generations of
hadronic interactions.

e The observed combined distributions of muon numbers and depth of maxima for well-observed
showers indicate that the model predictions should be adjusted not only for the muon number, but also
for the depth of maximum.

e The AugerPrime upgrade of the observatory has already started taking data and will bring
significantly more precise measurements of the muon component of CR showers.
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