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Astroparticle Physics
2023/24

1. Historical introduction - basic properties of cosmic rays
2. Hadronic interactions and accelerator data
3. Cascade equations
4. Electromagnetic cascades
5. Extensive air showers
6. Detectors for extensive air showers
7. High-energy cosmic rays and the knee in the energy spectrum of 

cosmic rays
8. Radio detection of extensive air showers
9. Acceleration, Astrophysical accelerators and beam dumps
10. Extragalactic propagation of cosmic rays
11. Ultra-high-energy energy cosmic rays
12. Astrophysical gamma rays and neutrinos
13. Neutrino astronomy
14. Gamma-ray astronomy
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lecture 2
Hadronic interactions and 

accelerator data

Gaisser chapter 4
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center of mass energy

Mandelstam variable  (Lorentz invariant)

energy in fixed traget exp. 
only proportional sqrt(s)
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p
s ⇡ 57 TeV

p
s ⇡ 430 TeV p

Fe
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Cross section
cross section for process j

flux of particles crossing area dA

1b = 10-24 cm2

secondary particle production:
inclusive cross section

multiplicity of particles

Inclusive cross sections can be measured straight forward but do not 
contain correlations between different particles produced.
Exclusive cross sections contain the full information of the final state.
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Final state kinematics and phase space 
coverage
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Final state kinematics and phase space 
coverage
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CALIBRATION OF HADRON INTERACTION MODELS AT LHC 

23 

p-p 450 GeV + 450 GeV   Î  Elab ~ 4 � 1014 eV 
p-p  3.5 TeV  +  3.5 TeV   Î  Elab ~ 3 � 1016 eV 
p-p  6.5 TeV  +  6.5 TeV   Î  Elab ~ 9 � 1016 eV 

� Total cross section   ↔ TOTEM, ATLAS, CMS 
� Multiplicity     ↔ Central detectors 

� Inelasticity/Secondary spectra ↔ Forward calorimeters (LHCf, ZDCs) 

 Multiplicity @ 14TeV Energy Flux @ 14TeV 

(simulated by DPMJET3) 
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LHCf EXPERIMENTAL SET-UP 
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Total and elastic cross sections



Jörg R. Hörandel, APP 2023/24 16

above ~10 GeV only weak 
(logarithmic) dependence 
on energy
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Phenomenology of particle production



Jörg R. Hörandel, APP 2023/24 27



Jörg R. Hörandel, APP 2023/24 28



Jörg R. Hörandel, APP 2023/24 29



Jörg R. Hörandel, APP 2023/24 30



Jörg R. Hörandel, APP 2023/24 31



Jörg R. Hörandel, APP 2023/24 32



Jörg R. Hörandel, APP 2023/24 33



Jörg R. Hörandel, APP 2023/24 34



Jörg R. Hörandel, APP 2023/24 35



Jörg R. Hörandel, APP 2023/24 36



Jörg R. Hörandel, APP 2023/24 37



Jörg R. Hörandel, APP 2023/24 38



Jörg R. Hörandel, APP 2023/24 39



Jörg R. Hörandel, APP 2023/24 40



Jörg R. Hörandel, APP 2023/24 41



Jörg R. Hörandel, APP 2023/24 42



Jörg R. Hörandel, APP 2023/24 43


