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Outline

Lecture | - Basics, low-energy interactions

* Energies, projectile and target particles

* Cross sections

* Particle production threshold: resonances
* Hadronic interactions of gamma-rays

Lecture 2 - Intermediate energy physics
* Intermediate energy range: two-string models
e String fragmentation
* Rapidity, Feynman scaling
* Inclusive fluxes, spectrum weighted moments

Lecture 3 — Highest energies, air shower phenomenology
* Minijets, multiple interactions, scaling violation
* Model predictions, uncertainties
* elongation rate theorem
* Qutlook: accelerator measurements



Multiparticle production (intermediate energy)

Typical examples: FLUKA, DPMJET, SIBYLL



Simplest case: e*e” annihilation into quarks

Annihilation at high energy
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QCD color flow configurations (i)

Partonic view:
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QCD color flow configurations (ii)

Partonic view:
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Chain of hadrons:

* large long. momenta
near string ends

* small trans. momenta

* correlation of particles
due to quark-antiquark
pairs

* leading particle effect




Baryon pair production

diquark - anti-diquark pair
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Particle production spectra (i)
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Particle production spectra (i
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Example:

g-gbar pair produced

String fragmentation

in efe™ annihilation
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height energy-independent,
width increases with energy
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Rapidity and pseudorapidity
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Predictions of two-string models

(Capella et al., Physics Reports 1994)
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Two-string models:

* Feynman-scaling

* long-range correlations

* leading particle effect

* delayed threshold for
baryon pair production

Feynman scaling
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Secondary particle multiplicities

DPMJET IlI; pp collisions
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Secondary particle multiplicities
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Other predicted color flow configurations
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At very high energy (multi-gluon exchange):
Almost 50% of all events are elastic/diffractive scattering
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Basic features of multiparticle production

Particle production threshold (low energy)
* resonances, nearly isotropic decay
* energy loss ~20% in pY interactions

Multiparticle production (intermediate energy)
* |eading particle effect
- ~50% of energy carried by leading nucleon
- incoming proton: 66% proton, 33% neutron
* secondary particles
- power-law increase of multiplicity
- quark counting: ~33% 11, 66% T1*
- situation different if kaons are included
- baryons are pair-produced, delayed threshold
- scaling of secondary particle distributions
* diffraction (rapidity gaps)
- elastic scattering
- low-mass diffraction dissociation
- large multiplicity fluctuations
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Example:Waxman-Bahcall neutrino limit (i)

Maximum reasonable’ 'neutrino flux due to interaction of cosmic rays in sources

Assumptions:
* sources accelerate only protons (other particles yield fewer neutrinos)
* injection spectrum at sources known (power law index -2)
* each proton interacts once on its way to Earth (optically thin sources)

dN D _
Proton flux at sources (I)p (Ep) — dEpdAdtdQ — A Ep &
M i § AN \
aster equation
Dy (Ey) = d E: (Ep) @p(Ep) dE,

\_ )

Number of neutrinos produced in /

interval Ev...Ev+dEy, per proton interaction 19




Spectrum weighted moments (i)

dNy Aim: re-writing of equation
Dy (Ey) = dE, (Ep) D, (Ep) dE, for scaling of yield function
- N
Scaling of % @ dNV (E ) _ 1 dNV (1)
neutrino yield E, dEy = " E, dx
. S
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energy-independent
yield function

fraction of proton energy
given to neutrino
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Spectrum weighted moments (ii)

dN
Dy (Ey) = - (Ep) ®p(Ep) dE,
dE,
1
substitutions (1) - (3) oy (E,) = / o1 AW A E;% dx
0 dx
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4 \/\
/ Proton flux

(but with neutrino energy

Spectrum weighted moment instead of proton energy)

(just a number that depends
only on particle physics)
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Example:Waxman-Bahcall neutrino limit (ii)
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Proton spectrum B d N, _2
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Spectrum weighted moment for &X=2: /
mean energy fraction of proton given to neutrino
times number of neutrinos per interaction

Relevant interaction & decay chain (33% of all interactions with small Ecn)
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Spectrum weighted moments for @ = 2.7

Detailed simulation of interactions for air target with DPMJET
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(Honda et al., C2CR 2005)
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