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Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens
between here
and here?

hadronic
cascade
0
Tt n D
/
;K
/ ™ T
/ /
4
H / / /
/ Vy / [
/ . v, [ Iui

electromagnetic
cascade




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens
between here
and here?

CR primary

hadronic
cascade
w0

Tt n D

r

/ K i

/ ™ T 5

/ / 5

4 :
SV / ! i
[ Ve !

/ . Vu / Iui

electromagnetic
cascade




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens
between here
and here?

hadronic
cascade

N

K

st hadronic
Interaction

T

0

electromagnetic
cascade




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens 5
hadroni electromagnetic
between nere/ | ey g
and here? N a
ol
secondary ;
hadrons @ Q \u
(mostly pions, )
kaons)
mt ot
|
/
/ + E
vy, | L




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens
between here
and here?

hadronic
cascade

more hadronic -

. . p
Interactions "
r) ‘»
/
;K2
/ L T
/ /
i / / /
/ Vlu / l
/ N v, / Iui

electromagnetic
cascade




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens 5
hadroni electromagnetic
between here/ e g
and here? 0
7T:|: n D ;
Imorc
hadrons
(mostly pions,
kaons) /
/ / i
/
/ / i
Ve ’
/ / + E
VM/ ,ui V,u / H




Extensive Air Showers

» CR properties are inferred from the (secondary) particles measured at the ground

What happens §
hadroni electromagnetic
between here/ | S g
and here? N 0
7Ti n D

muons and

neutrmos

(messengers of
hadronic cascades) K=+

/

B0 00

i =
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Plays an important role, transterring

EXtenSive Ai r Showe rS energy from the hadronic to the

electromagnetic cascade!
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Plays an important role, transterring

EXtenSive Ai r Showe rs energy from the hadronic to the

electromagnetic cascade!

» CR properties are inferred from the (secondary) particles measured at the ground

What happens
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EAS measurements probe particle
physics at the highest energies!
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Example: Proton-Air Cross-Section

» Proton-air cross-sec

1on measured by Auger and 'TA

» Complementary to colider measurements:

» BEAS particles: Nuclei, mesons, ...

» CM energies: GeV

» Lorward direction

» Non-perturbative regime

Equivalent c.m. energy s, [TeV]

Crsis for high-energy physics?
» No new particles found at LHC

» Nature of Dark Matter 1s stll unknown

Opportunity for cosmic ray physics?
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https://pos.sissa.it/236/401/

Muon Measurements in EAS
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https://arxiv.org/abs/1408.1421
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Combined Muon Measurements

» Muon lateral density in EAS as reported by 9 experiments (known energy oftsets)
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Combined Muon Measurements

» Muon lateral density in EAS after cross-calibration of the energy-scales
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Combined Muon Measurements

» Muon lateral density in EAS after cross-calibration of the energy-scales
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The Muon Puzzle in EAS

[A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. Lett. 126 (2021)]
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The Muon Puzzle in EAS
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Outlook into the Next Decade

» Large vanety of new high-precision data:

Submitted to the US Community Study

» EAS detector upgrades will become fully operational, o R i o 7
e.g. AugerPrime, IceCube upgrade

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

» Precise muon measurements of multiple observables
by multiple EAS experiments, e.g. N, X .., X

max?> ,Nax?>
zenith angle evolution, spectral information f eCube)

Abstract: The p resent white paper b ted a p of the “Snowmass” p cess to h l;
infor l long-t pla.x th dS Dpa.rm fE g dl Nat alS
F l f h gl ergy physi It summarizes the scienee questions driving the l Itr H gl
Ene g ( R ( I HE( R) con and provides recommendations on the strategy to answer
the he nex o decades

» New accelerator data, e.g. Run 3 at LHC (Oxygen data)

» Strong constraints on hadronic mteraction models
(muon enhancement models)

arXiv:2205.05845v3 [astro-ph.HE] 1 Jul 2022

» Precise characterization (solution?) of the Muon Puzzle
within the next decade eXDected'

[Snowmass White Paper, arXiv:2205.05845]



https://arxiv.org/pdf/2205.05845

Prob. density

New Generation of UHECR Observatories
» New large-scale EAS observatories with particle detectors (GCONS, IceCube-Gen2, GRAND?)

will provide large aperture and thus unprecedented event statistics

» Possibly new EAS observables and analysis techniques to test hadronic interaction models

» New era of high-precision measurements with EAS!
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Outlook beyond the Next Decade

» Precise measurements in the forward region at the High-Lumiosity LHCG (including new
lf)ro osed experiments, e.g. Forward Physics Facility, Very Forward Hadron Spectrometer) will
urther constrain hadronic models

» Hadronic models have to describe both EAS and LHC measurements

» lests of hadronic models at energies much higher than the LHCG (far-forward region)!

» Once the hadronic interaction models can successtully describe all details they will become

reliable tools for the development of the proposed Future Circular Colhder (FGC)
» Valhidation of EAS models at the (HI-)LLHC / FPF / FCG

» It LHC data 1s reproduced but Muon Puzzle remains:

» lests of beyond SM physics /exotic scenarios, e.g,

» Lorentz-invariance violation, super-heavy Dark Matter, macroscopic Dark Matter, ...



Summary & Conclusions

4

4

EAS measurements probe hadronic interactions at the highest energies

Large discrepancies between model predictions and
data observed in multiple muon measurements

Origin of the Muon Puzzle unknown

Tests of SM predictions at energies beyond the LHC

Expectation: Muon Puzzle solved by the end of decade

High-precision particle measurements with EAS!

Provides event generators for future collider experiments

If the Muon Puzzle remains unsolved

4

lests of beyond SM physics /exo

1C scenarios!

Next generation experiments

Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

arXiv:2205.05845v3 [astro-ph.HE] 1 Jul 2022
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Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
ndation for high-energy physics. It summarizes the scienee questions driving the Ultra-High-
ic-Ray (UHECR) eommunity and provides recommendations on the strategy to answer

ext two decades.

[Snowmass White Paper, arXiv:2205.05845]
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