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Lecture 1 – 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
• 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
• Outlook: accelerator measurements



Examples of cosmic ray interactions
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Centaurus A

M31

Air shower

Source

Intergalactic medium
(10-6 proton/cm3)

Interstellar medium
(1 proton/cm3)

Earth‘s atmosphere
(7x1020 protons/cm3)



Radiation fields

CMB: Penzias & Wilson (1965)

400 ph/cm3

IR

γ-rays

visible

x-rays

URB

In source regions: 
• much higher densities 
• power-law spectra

〈Eγ〉 ∼ 6.3×10−4 eV
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Smaller interaction 
probability 
compensated by 
larger density



Four-momentum kinematics
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Calculation with four-momenta (c=1) p = (E,!p)

p2 = E2−!p2 = m2

p1 · p2 = E1E2− !p1 · !p2

Resonance production

p1

p2

p3
p1 + p2 = p3

Energy-momentum conservation

Mass of produced resonance

p2
3 = m2

3 = (p1 + p2)2 = (E1 +E2)2− (!p1 +!p2)2

= p2
1 +2p1 · p2 + p2

2 = m2
1 +m2

2 +2E1E2−2!p1 ·!p2



Laboratory and center-of-mass system
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Mass of produced resonance

p2
3 = m2

3 = (p1 + p2)2 = (E1 +E2)2− (!p1 +!p2)2

= p2
1 +2p1 · p2 + p2

2 = m2
1 +m2

2 +2E1E2−2!p1 ·!p2

Lab system: p1 = (E1,!p1) p2 = (m2,!0)

Center-of-mass system (CMS, *):

m2
3 = 2m2E1 +m2

1 +m2
2

!p"
1 =−!p"

2

m2
3 = (E!

1 +E!
2 )2

Ecm =
√

s = E!
1 +E!

2

CMS energy:



Interaction of protons with photons of CMB
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proton (0.938 GeV)

photon

Δ+ resonance (1.232 GeV)
proton, neutron

π0, π+

Energy threshold not sharp Eγ,max ≈ 3×10−3eV

Decay branching ratio proton:neutron = 2:1

Mean proton energy loss 20%

Decay isotropic up to spin effects

Ep,min =
m2

∆−m2
p

Eγ,max(1− cosθ)
≈ 5×1019eV

In proton rest frame:

Eγ,lab ≈ 300 MeV
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Cross section
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Defined as

Interaction rate per unit time
Flux of particles
on single target Φ =

dNbeam

dA dt

σ =
1
Φ

dNint

dt

beam target

Fundamental Lorentz-invariant quantity, can be measured at accelerators

dNint

dtdV
= ρtarget σ Φ``Master´´ equation for interaction rates

(Units: 1 barn = 10-28 m2

          1 mb = 10-27 cm2)
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Simulation concepts: energy ranges
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Resonances (fireball)

 Scaling region (longitudinal phase space)

Minijet region (scaling violation) ???
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γ p→ X



Example: 

Low-energy interaction model SOPHIA

12

Description of proton/neutron interaction with background photons,
Greisen-Zatsepin-Kuzmin effect

SOPHIA  (Mücke et al. Comp. Phys. Commun.124, 2000)



Diagrams implemented in SOPHIA

Multiparticle 
production Elastic scattering

ρ, ω, ϕ, ...γγ

γ

γ

p/n

p/n n/p

p/n
p/n

p/n

Δ+

Direct pion
production

π±

Resonance production
 (s channel)

String model
13

decay products (distribution depends only
on spin etc. of resonance and that of products)



Direct pion production
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Possible interpretation: p fluctuates from time to time to n and π+

p
π+

n

p
π+

n

photon (from CMB or 
other background field)

fluctuation 
materialized

∆E∆t ≈ 1Heisenberg uncertainty relation

Energy threshold very low: Ecm,min = mπ +mp ≈ 1.07 GeV

(Δ+ resonance: 1.232 GeV)

time



Superposition of resonances
A. Mücke et al. / Computer Physics Communications 124 (2000) 290–314 297

Table 2

Baryon resonances and their physical parameters implemented in SOPHIA (see text). Superscripts + and 0 in the parameters refer to pγ and

nγ excitations, respectively. The maximum cross section, σmax = 4m2NM2σ0/(M
2 − m2N)2, is also given for reference

Resonance M Γ 103b+
γ σ+

0
σ+
max 103b0γ σ 0

0
σ 0max

$(1232) 1.231 0.11 5.6 31.125 411.988 6.1 33.809 452.226

N(1440) 1.440 0.35 0.5 1.389 7.124 0.3 0.831 4.292

N(1520) 1.515 0.11 4.6 25.567 103.240 4.0 22.170 90.082

N(1535) 1.525 0.10 2.5 6.948 27.244 2.5 6.928 27.334

N(1650) 1.675 0.16 1.0 2.779 7.408 0.0 0.000 0.000

N(1675) 1.675 0.15 0.0 0.000 0.000 0.2 1.663 4.457

N(1680) 1.680 0.125 2.1 17.508 46.143 0.0 0.000 0.000

$(1700) 1.690 0.29 2.0 11.116 28.644 2.0 11.085 28.714

$(1905) 1.895 0.35 0.2 1.667 2.869 0.2 1.663 2.875

$(1950) 1.950 0.30 1.0 11.116 17.433 1.0 11.085 17.462

excitation. The resonances fulfilling these criteria and their parameters, as implemented in SOPHIA after iterative

optimization, are given in Table 2. The phase-space reduction close to the Nπ threshold is heuristically taken into

account by multiplying Eq. (11) with the linear quenching function Qf(ε′;0.152,0.17) for the$(1232)-resonance,

and with Qf(ε′;0.152,0.38) for all other resonances. The function Qf(ε′; ε′
th,w) is defined in Appendix 6. The

quenching width w has been determined from comparison with the data of the total pγ cross section, and of the

exclusive channels pπ0, nπ+ and $++π− where most of the resonances contribute. The major hadronic decay

channels of these baryon resonances are Nπ , $π and Nρ; for the N(1535), there is also a strong decay into Nη,

and the N(1650) contributes to the ΛK channel. The hadronic decay branching ratios bc are all well determined

for these resonances and given in the RPP. However, a difficulty arises from the fact that branching ratios can be

expected to be energy dependent because of the different masses of the decay products in different branches. In

SOPHIA, we consider all secondary particles, including hadronic resonances, as particles of a fixed mass. This

implies that, for example, the decay channel $π is energetically forbidden for
√

s < m$ + mπ ≈ 1.37 GeV. To

accommodate this problem, we have developed a scheme of energy dependent branching ratios, which change at the

thresholds for additional decay channels and are constant in between. The requirements are that (i) the branching

ratio bc = 0 for ε′ < ε′
th,c, and (ii) the average of the branching ratio over energy, weighted with the Breit–Wigner

function, correspond to the average branching ratio given in the RPP for this channel. For all resonances, we

considered not more than three decay channels leading to a unique solution to this scheme. No fits to data are

required. In practice, however, the experimental error on many branching ratios allows for some freedom, which

we have used to generate a scheme that optimizes the agreement with the data on different exclusive channels.

The hadronic branching ratios are given in Table 4 in Appendix 6. To obtain the contribution to a channel with

given particle charges, e.g.,$++π−, the hadronic branching ratio b$π has to be multiplied with the iso-branching

ratios as given in Table 1. We note that with the parameters bγ , bc and biso, the resonant contribution to all exclusive

decay channels is completely determined.

The angular decay distributions for the resonances follow from Eq. (6). In SOPHIA, the kinematics of the decay

channels into Nπ is implemented in full detail (see Table 3). For other decay channels, we assume isotropic

decay according to the phase space. Furthermore, there might be some mixing of the different scattering angular

distributions since the sampled resonance mass, in general, does not coincide with its nominal mass. This effect is

neglected in our work. Instead, we use the angular distributions applying to resonance decay at its nominal massM .

The two decay products of a resonance may also decay subsequently. This decay is simulated to occur

isotropically according to the available phase space.
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A. Mücke et al. / Computer Physics Communications 124 (2000) 290–314 293

nucleon. For this particle, the Lorentz invariant 4-momentum transfer t = (PN−Pfinal)
2 is often used as a final state

variable. At small s, many interaction channels can be reduced to 2-particle final states, for which dσ/dt gives a
complete description.

2.2. Interaction processes

Photon–proton interactions are dominated by resonance production at low energies. The incoming baryon is

excited to a baryonic resonance due to the absorption of the photon. Such resonances have very short life times and

decay immediately into other hadrons. Consequently, the Nγ cross section exhibits a strong energy dependence

with clearly visible resonance peaks. Another process being important at low energy is the incoherent interaction of

photons with the virtual structure of the nucleon. This process is called direct meson production. Eventually, at high

interaction energies (
√

s > 2GeV) the total interaction cross section becomes approximately energy-independent,

while the contributions from resonances and the direct interaction channels decrease. In this energy range, photon–

hadron interactions are dominated by inelastic multiparticle production (also called multipion production).

2.2.1. Baryon resonance excitation and decay

The energy range from the photopion threshold energy
√

s th ≈ 1.08 GeV for γN -interactions up to
√

s ≈ 2 GeV

is dominated by the process of resonant absorption of a photon by the nucleon with the subsequent emission of

particles, i.e. the excitation and decay of baryon resonances. The cross section for the production of a resonance

with angular momentum J is given by the Breit–Wigner formula

σbw(s;M,Γ, J ) = s

(s − m2
N)2

4πbγ (2J + 1)sΓ 2

(s − M2)2 + sΓ 2
, (4)

whereM and Γ are the nominal mass and the width of the resonance. bγ is the branching ratio for photo-decay of

the resonance, which is identical to the probability of photoexcitation. The decay of baryon resonances is generally

dominated by hadronic channels. The exclusive cross sections for the resonant contribution to a hadronic channel

with branching ratio bc can be written as

σc(s;M,Γ, J ) = bcσbw(s;M,Γ, J ), (5)

with
∑
c bc = 1 − bγ ≈ 1. Most decay channels produce two-particle intermediate or final states, some of them

again involving resonances. For the pion-nucleon decay channel, Nπ , the angular distribution of the final state is

given by

dσNπ

d cosχ∗ ∝
J∑

λ=−J

∣∣∣f J
1/2,λd

J
λ,1/2(χ

∗)
∣∣∣
2

, (6)

where χ∗ denotes the scattering angle in the CMF and f J
1/2,λ are the Nπ -helicity amplitudes. The functions

dJ
λ,1/2(χ

∗) are commonly used angular distribution functions which are defined on the basis of spherical harmonics.
TheNπ helicity amplitudes can be determined from the helicity amplitudesA1/2 andA3/2 for photoexcitation (see

Ref. [22] for details), which are measured for many baryon resonances [23]. The same expression applies to other

final states involving a nucleon and an isospin-0 meson (e.g., Nη). For decay channels with other spin parameters,
however, the situation is more complex, and we assume for simplicity an isotropic decay of the resonance.

Baryon resonances are distinguished by their isospin into N -resonances (I = 1/2, as for the unexcited nucleon)
and (-resonances (I = 3/2). The charge branching ratios biso of the resonance decay follow from isospin

symmetry. For example, the branching ratios for the decay into a two-particle final state involving a N - or (-

baryon and an I = 1 meson (π or ρ) are given in Table 1. Here (I3 is the difference in the isospin 3-component
of the baryon between initial and final state (the baryon charge is QB = I3 + 1/2). In contrast to the strong

decay channels, the electromagnetic excitation of the resonance does not conserve isospin. Hence, the resonance

Breit-Wigner resonance 
cross section



Multiparticle production: vector meson dominance
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Photon is considered as superposition of ``bare´´ photon and hadronic fluctuation

Vi = ρ, ω, ϕ, ...

|γ〉 = |γbare〉+Phad ∑
i

|Vi〉

Multiparticle 
production

Elastic scattering

ρ, ω, ϕ, ...
γγ

p/n
p/n

p/n

ρ, ω, ϕ, ...

Cross section for hadronic interaction ~1/300 smaller than for pi-p interactions

ρ, ω, ϕ, ...

Phad ≈
1

300
. . .

1
250



Lifetime of fluctuations
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Heisenberg uncertainty relation

Length scale (duration) of hadronic interaction

∆E ∆t ≈ 1

Vi = ρ, ω, ϕ, ...

k
Consider photon with momentum k

∆tint < 1fm≈ 5GeV−1

∆t ≈ 1
∆E

=
1√

k2 +m2
V − k

=
1

k(
√

1+m2
V /k2−1)

≈ 2k
m2

V

∆t ≈ 2k
m2

V
> ∆tintFluctuation long-lived for k > 3 GeV



Putting all together: description of total cross section
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Many measurements available, still 
approximations necessary

• PDG: 9 resonances,
decay channels,
angular distributions

• Regge parametrization
at higher energy

• Direct contribution: 
fit to difference to data

SOPHIA  (Mücke et al. CPC124, 2000) 18

SOPHIA



Comparison with measured partial cross sections
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Comparison with measured partial cross sections
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Resonance region

Continuum region
(multiparticle production)


