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Cosmic-Ray All-Particle Spectrum

Main observables:
ØEnergy
ØDirection
ØComposition, 𝐴
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The Usual Observables

2/9Sensitive to forward physics

Figure credit: 
K. Bernlöhr



Large Uncertainties
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Blümer et al., 09
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IceCube 4/9



IceCube, 20
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High pT Muons

Muons far away from 
shower cores

Largely depend on pQCD
IceCube, 12

𝑝! = 𝑝"# + 𝑝$# for shower along z direction



Puzzling Discrepancy
Angular distributions of showers

Disagreement between theoretical predictions and data

IceCube, 12





PRELIMINARY Results
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Conclusions

1. Cosmic-ray composition is an important observable

2. Measurements suffer from large non-perturbative 
uncertainties

3. High-pT muons are promising observables

4. Aim to resolve discrepancy in angular distribution to 
utilize for composition measurement
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Thank you


