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Particle Physics with Cosmic Rays

» EAS measurements probe particle physics at the highest energies

» LExample: proton-air cross-section

Equivalent c.m. energy s, [TeV]

» Complementary to colhder measurements: 10" 1 10 107
_I [ ll | | 1T 1T 11 ll | | L ll | | L ll | | |
. . — Nam et al. 1975
»  EAS particles: Nuclel, mesons, ... - Siohan et al. 1978
700 — Baltrusaitis et al.1984
» UM energies: GeV to hundreds of TeV - o Meke e ot
. . _ 600__ Knurenko et al.1999 | . ”,’/
} Forward dlrectlon _g B . Aielli et al.2009 .|. ~ T “"",' W
L= - \V4 Telescope Array 2015 T l [ e
. - — —W— Auger PRL2012 SR g
» Non-perturbative regime < PF —@— hugericrezots L L;l///q{
i “
b -
. . . . 400 — ) —— EPOS-LHC
- D -
» Cnisis for high-energy physics: : ‘ o
» No new particles found at LHC 0= == SIBYLL2:
} Nature Of Dark Matter iS Sti]l unknown 200_ L ol Ll Ll L ol L ol Ll Ll L 1 11111

10" 10" 10" 10'° 10"’ 10"° 10" 10%°
Energy [eV]

4 OPPOITUHIW for cosmic ray thSES? [R. Ulrich (Pierre Auger Collaboration), PoSICRC2015)401 (2016)]



https://pos.sissa.it/236/401/

What is the current status of the field?

» Significant discrepancies in the number of muons in EAS observed between

MC and data for all recent hadronic interaction models!
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What is the current status of the field?

» Muon Puzzle:

»  Up to ~50% discrepancies in N,
> N, vs. X and X

»  WHISP: excess towards high energies

» slopeinz—z

1, max

mass

VS. X ax

significant at ~8o

»  Origin remains unknown!

» Challenge for accelerators:

» Interactions of EAS particles

» UM energies: GeV to hundreds of 1eV

» Forward direction

[A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. Lett. 126 (2021)]
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What is the current status of the field?
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Where are we going to be 10 years from now?

» (Current uncertainties of muon
measurements: ~15-20 %

» Proton EAS: fluctuations of same order
» Iron EAS: ~5% fluctuations

3 Uncertainti@ ol muon measurements will
be reduced 1n the next decade:

» New detectors
» Measurements close to shower axis
} Larger Sta‘t]‘StICS Reduce hadronic Pin down the shower ene
interaction model to use p as a composition-only
. . uncertainties Shower observable
» Improved calibration Hadro.ﬂléy,;;{esraamn =
models
. . 1/ em separation ab)
» New analysis techmques (ML) =1
=)
. . . Accelerators =
» Smaller uncertainties, better resolution S ?
0 ] Other experiments T
(N 10-135% 0)

New particle physics at the

highest energies incl.
beyond standard model * depending on analysis &
physics T dependiue




»  EADS energy:
Fluorescence Detectors (FD)

» Muon number:

Surtace Detectors (SD)
+ Scintillators (SSD)
+ Muon Detectors (MD)

» Event-to-event muon distributions

» Studies of the observed discrepancies
in a non-degenerated way

» Radio extension (RD): mass & energy;
resolves bias from single technology

» Simultaneous measurement: X ., X, 0

» Zenith angle evolution: muon spectrum!

» Machine learning techniques

Where are we going to be 10 years from now?

» Multi-hybrid measurements (Auger)!
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Hadronic interaction
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1/ em separation

Accelerators
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» LEvent-to-event muon distributions
» Studies of the observed discrepancies
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» Radio extension (RD): mass & energy;
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Where are we going to be 10 years from now?

» Multi-hybrid measurements (IceCube)!

»  LEADS energy:
Surface detectors (Ice Top+upgrade)

» Muon number:
Ice'lop (GeV muons)

+ 1n-1ce array (leV muons)

» 'Iwo vastly different energy regimes

» Spectral information!

» Radio extension (RD): mass & energy;
resolves bias from single technology

» Measurement of prompt (PeV) muons?

» Seasonal muon flux as a probe for
pion/kaon ratio (lower EAS energies)

» Machine learning techniques
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Where are we going to be 10 years from now?

» Multi-hybrid measurements (IceCube)!

»  LEADS energy:
Surface detectors (Ice Top+upgrade)
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Where are we going to be 10 years from now?

Accelerator measurements (LHC)!

Proton-Oxygen collisions in Run 3 (2023)
» Importance for EAS physics
High-Luminosity LHC!

Forward experiments

See later shdes. ..

FTicertainties Shower
physics
Hadronic interaction

/ models
1/ em separation

Other xprmnt-/\

New particle phys cs at the

highest energies incl.
beyond standa d model 2
physic




Expectation for the next decade

» Large variety of new high-precision data:
» EAS detector upgrades will become fully operational, e.g. AugerPrime, IceCube upgrade
» Precise muon measurements of multiple observables by multiple EAS experiments
» New accelerator data, e.g. Run 3 at LHC (Oxygen data)

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

» Precise charactenzation (solution?) of the Muon Puzzle within the next decade expected!




Open questions for the new generation of
UHECR observatories

» New large-scale EAS observatories with particle detectors (GCOS, 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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Open questions for the new generation of
UHECR observatories

» Precise measurements n the forward region at the High-Lummosity LHC (including new
proposed experiments, e.g, Forward Physics Facility, Very Forward Hadron Spectrometer) will
further constrain hadronic models

» Hadronic models have to describe both EAS and LHC measurements

» lests of SM predictions at energies much higher than the LHG (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
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Summary & Discussion

» LExpectation:

» Muon Puzzle precisely characterized (solved?)

» High-precision particle measurements with EAS!

» lests of SM predictions at energies much higher than the LHC

» Prowvides event generators for future collider experiments, e.g. FPlF / FGC

» If the Muon Puzzle remains unsolved

» lests of beyond SM physics /exotic scenarios!

» Main focus / needs of the GLOS community?
» Requirements for GCOS design?

» Probably many further questions / comments / additions...



