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Air showers – decay vs. interaction
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Muon production in hadronic showers
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Assumptions: 
• cascade stops at

• each hadron produces one muon
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≈ 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005) 3



Modification of ratio of neutral to charged pions
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Particle ratios:
quark counting and 
SU(3) symmetry !
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String fragmentation: baryon pairs

diquark - anti-diquark pair

baryon anti-baryon pair

leading baryon
leading meson

5



Baryon pair-production not understood
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Tevatron data (Ecm = 1800 GeV)

Secondary particle multiplicity

Two strings of high mass
Many strings of low mass

EPOS: modification of fragmentation parameters
          as function of string density (RHIC data)

(K. Werner et al., Phys. Rev. C75, 2006)

(SIBYLL too low by factor ~2)



EPOS: Enhancement of baryon pair production
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(Grieder, ICRC 1973)
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Example: secondary particles in interactions at 1014 eV
(Pierog, Werner, Phys. Rev. Lett.101, 2008)
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• Small energy fraction, low multiplicity
• Multiplication effect (no decay)
• Large transverse momentum
• Softer muon spectrum

Muon multiplicity re-scaled with energy



Muon multiplicity correlation with missing energy
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 Model dependence of 
energy correction small

E = 1019.5 eV 
Total energy shift
by not more than 4%,
in extreme case



Muon production in air showers
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(C. Meurer et al., ICRC 2005, Pune, India)
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Comparison: KASCADE vs. Auger
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Energy distribution of beam particles
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4

(Maris et al., ICRC 2009)



Characteristics of hadronic interaction chain
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CHAPTER 3. MUON PRODUCTION IN EXTENSIVE AIR SHOWERS

Most likely five consecutive hadronic interactions (number of generations) take place
before a hadron decays into a muon, see Fig. 3.2 [42]. The number of generations
show only a weak dependence on the lateral distance and also on the detection energy
of the muon. A weak trend could be noticed that a fewer number of previous hadronic
interactions take place for muons in the shower core and also for muons with higher
energies. Additionally, it can be mentioned, that the distribution of the number of
generations show a long tail to a higher number of generations.
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Figure 3.2: Number of generations before producing a muon visible at ground level for
various lateral distances (top panel) and for different muon energy thresh-
olds (bottom panel) [42].
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CHAPTER 3. MUON PRODUCTION IN EXTENSIVE AIR SHOWERS
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Figure 3.7: Rapidity distributions of mother particles (filled curves) compared with
rapidity distributions of secondary particles in simulated single p+C (solid
line) and simulated p+air (dashed line) collisions [41]. Top panel: pions,
bottom panel: kaons. The energy range of the grandmother particle is lim-
ited to 80-400GeV and the lateral distance of the muons to 50-200m to
match experimentally accessible regions. The fixed target collision simu-
lation is done at 160GeV, corresponding approximately to the mean grand-
mother energy. The rapidity is normalized to the rapidity of the beam and
grandmother particles, respectively.
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Phase space for muon production



Exotic physics in first few interactions ?
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Multiplicity increase by 
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factor of 10:   25% more muons 

Muon number insensitive to changes 
of high-energy interactions
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Muon enhancement



Possible application in  IceTop/IceCube
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Low energy muons in 
IceTop from late 
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(estimated with CIC 
method and universality)

IceTop/IceCube could distinguish between exotic high energy interaction 
scenario and low energy interaction effects (antibaryon production?)


