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Connecting High Energy Particle Physics with Astrophysics

Extensive Air Showers (especially Muons), Atmospheric Neutrino Fluxes
Ralf Ulrich, ralf.ulrich@kit.edu 1



Overview
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The Pierre Auger Observatory

24 Telescopes, 4 Sites

1600 Water-Cherenkov Detectors, ≈3000 km2
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Data and Reconstruction
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Energy Spectrum

What is the origin of the high energy cutoff?
Photopion production: p + γcmb → N + π

Giant-Dipole-Resonances: A+ γcmb → (A− 1) + N

Maximal energy of accelerators

Depends on cosmic ray composition!
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Depth of the Shower Maximum

One of the key observations of Auger

Something fundamental is happening around 3× 1018 eV

Composition changes rapidly? Interaction physics?
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Longitudinal and Surface-Array Data
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Auger Muon Results
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Inclined Events

Models significantly under-predict muons

Muon deficit largest at high zenith angles (Nµ/N
QII,p
µ

∼ 2)

⇒ Not completely clear how to fix:
energy scale, GeV-TeV interactions, composition ...
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Inelastic Proton-Proton Cross-Section

Based on Xmax fluctuations ⇒ not sensitive to muon-related problems

 (
P

ro
to

n-
P

ro
to

n)
   

 [m
b]

in
el

σ

30

40

50

60

70

80

90

100

110

    [GeV]s

310 410 510

ATLAS 2011

CMS 2011
ALICE 2011

TOTEM 2011
UA5
CDF/E710
Auger ICRC 2011

QGSJet01
QGSJetII.3
Sibyll2.1
Epos1.99
Pythia 6.115
Phojet

σinel
pp =

[

90 ± 7stat (+9
−11)sys ± 1.5Glauber

]

mb
√
spp = [57 ± 0.3stat ± 6sys] TeV

Ralf Ulrich, ralf.ulrich@kit.edu 9



Sensitivity of Air-Showers to Interactions
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Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers sensitive to the hadronic cascade over all
energies
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ICECUBE, Atmospheric+Astrophysical Neutrinos
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Neutrino Spectrum

Multi-TeV atmospheric muons+neutrino background
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Production of High-Energy Muons
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Extensive Air Showers

A+ air → hadrons
p + air → hadrons
π + air → hadrons

e± → e± + γ
γ → e+ + e−

π± → µ± + νµ/ν̄µ

Important energies: 10 - 1000GeV

beam particle secondary

pion 72.3% 89.2%
nucleon 20.9% -
kaon 6.5% 10.5%

Air shower components: hadrons, electromagnetic, muons
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Modelling of Interactions in Air Showers
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Hadronic Interactions in EAS
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Primary Particle

LHC fixed target

~35 GeV

Peak of Muon
Production In EAS

SPS fixed target

Pion cascade in air

Pions decay into muons with a peak around ∼ 35GeV
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Muon Production in EAS

Projectiles in air showers that lead to muon production
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Relevant Target: Air (14N, 16O, . . . )

p-p p-air

pi-p pi-air
Nuclear effects 

(smaller projectile)

Leading 
particle 
effect

Nuclear effects

Needed for cosmic 
ray data analysis

p-Be, p-C

(~20%)

(~70%)

HARP (12 GeV)
 NA49 (158 GeV)

HARP (8 or 12 GeV,
 in preparation)
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NA61, Fixed Target at SPS
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Active contribution from cosmic-ray group at KIT

Ideal to study pion interactions that directly produce muons in
air-showers
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LHC: CMS/CASTOR/TOTEM

Active contribution from group at KIT in CMS/CASTOR

Improve understanding of early stages of air shower development

QCD at high energies, high parton densities

But:
Only p-p, Pb-Pb, p-Pb
Forward region difficult to instrument, miss 6.5 < η < 8.2
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LHC: Fixed Target

Variety of (secondary) projectiles: p, pions, kaons, ...

Different targets, including: C (solid), N2 (liquid), O2 (liquid), ...

Measure forward particle production

Good magnetic bending power

Cross sections

Elasticity (projectile energy/xf spectrum)

e/m energy transfer (pi0 energy/xf spectrum)

Multiplicity

Forward baryon spectra
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Phenomenological Evidence for Scaling

Fermilab pp, Brenner et al. 1982
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Nuclear Effects
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Extrapolation to Ultra-High Energies
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Elasticity (e.g. pair→p) Spectra

Ralf Ulrich, ralf.ulrich@kit.edu 25



Summary

Exciting connections between cosmic-ray
and elementary particle physics

Muons in Air Showers

→ Interactions GeV to EeV

Significant deficit in simulations

Have to learn much more about hadronic
interactions at ∼TeV

Fixed target at LHC could contribute
significantly

The combination of LHC and Auger data

in the next years can bring us much closer
to solving the cosmic-ray puzzle


