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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 – Nuclei, highest energies, air shower phenomenology
• Extension to nuclei
• Minijets, multiple interactions, scaling violation
• Model predictions, uncertainties
• Outlook: accelerator measurements



Extension to nuclei
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Interaction of photons with nuclei
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Purely electromagnetic excitations:

   - Eγ ≤ 20 MeV: E and M transitions, Giant Dipole resonance,
     selection according to quantum numbers
   - 50 ≤ Eγ ≤ 150 MeV: mainly photon absorption by p and p-n pair
   - evaporation: neutron, quasi-deuteron and alpha-particle emission
     
Hadronic interactions (particle production):

   - 150 ≤ Eγ ≤  few GeV: single nucleon absorption of photon
   - intra-nuclear cascade of secondaries (formation time)
   - evaporation, fission, multifragmentation

Available code packages

   - RELDIS (RElativistic ELectromagnetic DISsociation)     I. Pshenichnov
   - FLUKA (FLUktuierende KAskade)                     A. Ferrari et al. & G.I. Smirnov



Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam



Effective em. dissociation cross section
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Interaction of hadrons with nuclei

b
projectile

σinel =
Z

d2!b

[
1−

A

∏
k=1

(
1−σNN

tot TN(!b−!sk)
)]
≈

Z
d2!b

[
1− exp

{
−σNN

tot TA(!b)
}]

Standard Glauber approximation:

σprod ≈
Z

d2!b
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{
−σNN

ine TA(!b)
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Coherent superposition 
of elementary nucleon-
nucleon interactions



Interactions at high energy
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Transition from intermediate to high energy
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p

p

Intermediate energy:

• Elab < 1,500 GeV
• Ecm < 50 GeV
• dominated by valence 

quarks

High energy regime:

• Elab > 21,000 GeV
• Ecm > 200 GeV
• dominated by gluons 

and sea quarks



Scattering of quarks and gluons: jet production
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Perturbative QCD predictions for minijets
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Figure 6. The valence, sea and gluon distributions as obtained from the H1 and ZEUS
NLO QCD fits to NC, CC and jet data (latter in ZEUS fit only) at Q2 = 10 GeV2

as a function of x (left). The low x region is dominated by the gluon and sea quark
distributions divided on the plot by a factor of 20. The gluon distribution from the ZEUS
fit at Q2 =1, 5, 20 and 200 GeV2 (right).

Thus, the monotonic rise of F2 persists down to the lowest x measured at HERA, and
no evidence for a change of this behaviour such as a damping of the growth is found.
The observed independence of the local derivatives in ln x at fixed Q2 suggests that F2

can be parameterised in a very simple form F2 = c(Q2)x−λ(Q2) . The results for λ(Q2)
obtained by H1 and ZEUS are shown in Figure 7 (left). The coefficient c(Q2) ≈ 0.18 and
the parameterisation λ(Q2) = a·ln(Q2/Λ2) for Q2 ≥ 2 GeV2 are consistent with pQCD
analyses. At Q2 ≤ 1 GeV2 the behaviour is changing, and, in the photoproduction limit
(Q2 ≈ 0), λ is approaching 0.08, which is expected from the energy dependence of soft
hadronic interactions σtot ∼ sαP (0)−1 ≈ s0.08.

Another important quantity in view of possible non-linear gluon interaction effects is
the derivative (∂F2/∂ ln Q2)x which is a direct measure of scaling violations. Its behaviour
in x is a reflection of the gluon density dynamics in the associated kinematic range. The
derivative measurements are shown in Figure 7 (right) as a function of x for different Q2.
They show a continuous growth towards low x without an indication of a change in the
dynamics. The derivatives are well described by the pQCD calculations for Q2 ≥ 3 GeV2.

Non-zero values of the structure function FL appear in pQCD due to gluon radiation.
Therefore, FL is a most appropriate quantity to test QCD to NLO and especially to
examine pathological effects related to a possibly negative gluon distribution. According
to eq. 1, the FL contribution to the inclusive cross section is significant only at high y. The
conventional way to measure FL is to explore the y dependence of the cross section at given
x and Q2 by changing the center of mass energy of the interaction. Such measurements are
not yet performed at HERA. The H1 collaboration nevertheless could determine FL from
measurements at high y, i.e. small scattered electron energies down to 3 GeV. Various
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Problem 1: Dependence on cutoff parameter
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Problem 2: Parton densities not known at very low x
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Problem 3:  Very high parton densities (saturation)

nucleon

nucleus πR2
0 !

αs(Q2
s)

Q2
s

· xg(x,Q2
s)

Simple geometric criterion
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Saturation:
• parton wave functions overlap
• number of partons does not 

increase anymore at low x
• extrapolation to very high energy 

unclear

size of proton
Size of 
one gluon

number of 
gluons

RHIC data very important



High energy interaction models

16

DPMJET II.5 and III
(Ranft / Roesler, RE, Ranft, Bopp)

EPOS
(Pierog, Werner)

QGSJET 01 
(Kalmykov, Ostapchenko)

QGSJET II.03
(Ostapchenko)

SIBYLL 2.1 
(Engel, RE, Fletcher, Gaisser, Lipari, Stanev)

• universal model
• saturation for hard partons via

geometry criterion
• HERA parton densities

• universal model
• saturation by RHIC data parametriztions
• custom-developed parton densities

• no saturation corrections
• old pre-HERA parton densities
• replaced by QGSJET II

• saturation correction for soft partons via
pomeron-resummation

• custom-developed parton densities

• saturation for hard partons via
geometry criterion

• HERA parton densities
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Comparison with 
collider data (i)
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p-p Interactions: Multiplicity
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p-p Interactions: Multiplicity
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Comparison with
collider data (ii)

19

Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

p-p Interactions: Pseudo-Rapidity
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p-p Interactions: Pseudo-Rapidity
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Scaling: model predictions (i)
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Scaling: model predictions (ii)
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Air shower predictions
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Heitler model of electromagnetic showers
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Nmax = E0/Ec
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E0
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Heitler-Matthews model: muon production
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tot ch= n    + nneutn

n ch( )2

E

(nch)n

tot

2
tot

n
tot

E /n

E /(n    )

E /(n    )

0

0

0

0
Assumptions:

• neutral pions decay 
immediately

• charged pions initiate 
secondary cascades

• cascades stop if E = Edec

Nµ =
(

E0

Edec

)α
α =

ln(nch)
ln(ntot)

≈ 0.9

(Matthews, Astropart.Phys. 22(2005) 387)



Superposition model

25

Proton-induced shower

Nµ =
(

E0

Edec

)α

Nmax = E0/Ec

Assumption: nucleus of mass A and energy E0 corresponds
                        to A nucleons (protons) of energy En = E0/A

Xmax ∼ λeff ln(E0)

XA
max ∼ λeff ln(E0/A)

NA
µ = A

(
E0

AEdec

)α
= A1−αNµ

NA
max = A

(
E0

AEc

)
= Nmax

α≈ 0.9



Energy-composition measurement using Ne-Nµ

26

Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

Shower Observables: Ne-Nµ Distribution
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(Heck, 2008)

Dominating uncertainty of composition and energy
measurements due to hadronic interaction models

vertical showers,
sea level detector

N(FE)
µ ≈ 1.4 N(p)

µ

EPOS: largest 
muon number



Longitudinal shower profile
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Mean depth of shower maximum <Xmax>
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Shower Observables: Xmax
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Fluctuations of Xmax to discriminate?
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Study: modification of interaction models
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Figure 4.5: Example of a modified cross section for QGSJETII.3 for a 10% increase and decrease of
f10 EeV. See Figure 2.20 for the references.

number of produced secondaries and thus muons per interaction. This is due to the fact
that muons are mostly produced by decaying mesons. While, for the case of an increasing
multiplicity, the number of secondaries and thus mesons is growing, the energy per particle
is reduced correspondingly. This is leading to an earlier dropping of the energy per meson
below the critical energy, where they then stop to interact and hence no longer participate in
multiplicative particle production, but just decay. This is partly compensating the effect of
increasing particle number by the increased multiplicity, and takes care of the muon num-
ber after 1000 gcm−2 of shower development being relative stable with respect to a changing
multiplicity. The impact on the electron number at the observation level Xobs =1000 gcm−2

shows a pronounced minimum close to f10 EeV = 1 for all interaction models. The rising
trend in the direction of smaller nmult can be explained by the increase of Xmax and therefore
the shower maximum comes closer to the observation level. On the other hand the rising
trend in the direction of larger nmult is again just the consequence of a generally growing
number of secondary particles. It is an interesting finding that all models are built in order
to predict a close to minimal number of electrons Ne. In contrary to muons, the RMS is sig-
nificantly changing while nmult gets larger. This can be explained by comparing to Figure 2.9,
where it is shown that Ne-fluctuations are strongly depending on the distance to the shower
maximum.

In Figure 4.4 some of the relevant distributions for three selected values of f10 EeV for all
interaction models are shown. The left column demonstrates how the Xmax-distributions are
shifted to deeper respectively shallower depth by changing the multiplicity. The right col-
umn illustrates how the Ne/Nµ-distribution moves slightly to the lower left for a decreasing
multiplicity and to the upper right for an increasing multiplicity.

Cross section. Modifying the cross section can be implemented straightforwardly. No sec-
ondary particle resampling is needed. Only the extrapolated value of all hadronic cross
sections has to be multiplied by f (E) (see Figure 4.5). This is not only done for the primary

78

Scaling factor f10EeV

Example:
re-scaling of cross 
section above 
Tevatron energy

Shower simulation with 
modified models

(Ulrich et al., astro-ph/0709.1392)



Sensitivity to cross section and multiplicity change
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Fig. 4: Mean and RMS values for the resultingXmax, Nµ(X)|X=1000 gcm−2 and Ne(X)|X=1000 gcm−2 distributions

as a function of f10EeV using SIBYLL 2.1. For each data point with changed multiplicity, 1000 air showers are

simulated and 10000 for a changed cross section. The dashed lines are polynomial fits of 2nd order to guide the eye.

Again k∆X1
and kX

resolution are the contributions to ΛX
obs from the corresponding integrations

of (6).

It was also recognized that (6) can be unfolded directly to retrieve the originalX1-distribution, if

the∆X1-distribution is previously inferred by Monte-Carlo simulations [11]. Recently this trig-

gered some discussion about the general shape and model dependence of the ∆X1-distribution

[19]. This directly implies a corresponding model dependence of the k∆X1
-factors.

3 Impact of high energy interaction model characteristics on air shower development

To explore the impact of uncertainties of the present high energy hadronic interaction models on

the interpretation of EAS observables, we modified the CONEX [20] program to change some

of the interaction characteristics during EAS simulation. To achieve this, individual hadronic

interaction characteristics are altered by the energy-dependent factor

f(E) =

{

1 E≤1 PeV
1 + (f10EeV − 1) · log10(E/1PeV)/ log10(10EeV/1PeV) E>1 PeV

(9)

which was chosen to be 1 below 1 PeV, because at these energies accelerator data is available
(Tevatron corresponds to 1.8 PeV). Above 1 PeV, f(E) increases logarithmically with energy,
reaching the value of f10EeV at 10 EeV.

The factor f(E) is then used to re-scale specific characteristic properties of the high energy
hadronic interactions such as the interaction cross section, secondary particle multiplicity or in-

elasticity. Obviously by doing this we may leave the parameter space allowed by the original

model, but nevertheless one can get a clear impression of how the resulting EAS properties are

(Ulrich et al., astro-ph/0709.1392)
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as a function of f10EeV using SIBYLL 2.1. For each data point with changed multiplicity, 1000 air showers are

simulated and 10000 for a changed cross section. The dashed lines are polynomial fits of 2nd order to guide the eye.

Again k∆X1
and kX

resolution are the contributions to ΛX
obs from the corresponding integrations

of (6).

It was also recognized that (6) can be unfolded directly to retrieve the originalX1-distribution, if

the∆X1-distribution is previously inferred by Monte-Carlo simulations [11]. Recently this trig-

gered some discussion about the general shape and model dependence of the ∆X1-distribution

[19]. This directly implies a corresponding model dependence of the k∆X1
-factors.

3 Impact of high energy interaction model characteristics on air shower development

To explore the impact of uncertainties of the present high energy hadronic interaction models on

the interpretation of EAS observables, we modified the CONEX [20] program to change some

of the interaction characteristics during EAS simulation. To achieve this, individual hadronic

interaction characteristics are altered by the energy-dependent factor

f(E) =

{

1 E≤1 PeV
1 + (f10EeV − 1) · log10(E/1PeV)/ log10(10EeV/1PeV) E>1 PeV

(9)

which was chosen to be 1 below 1 PeV, because at these energies accelerator data is available
(Tevatron corresponds to 1.8 PeV). Above 1 PeV, f(E) increases logarithmically with energy,
reaching the value of f10EeV at 10 EeV.

The factor f(E) is then used to re-scale specific characteristic properties of the high energy
hadronic interactions such as the interaction cross section, secondary particle multiplicity or in-

elasticity. Obviously by doing this we may leave the parameter space allowed by the original

model, but nevertheless one can get a clear impression of how the resulting EAS properties are



Energy correction for fluorescence detectors
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Etot (log10(eV))

17 17.5 18 18.5 19 19.5 20 20.5

1
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f=Etot/Eem

p

Fe

!

QGSJet01

Sibyll

EPOS 1.6

mean mass

mean proton

mean iron

f=Etot/Eem

EPOS: Increased 
muon production 
directly linked to 
missing energy 
correction

(T. Pierog et al., ICRC 2007)

Overall model 
dependence small



How to improve situation?
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• Accelerator measurements (NA61, MIPP, HARP, ..., LHC experiments)
• Work on theory and phenomenology of hadronic interactions
• Validation of models using hybrid data (Auger, HiRes-MIA, KASCADE)
• Particle physics measurements with air showers
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Proton-air cross section
measured with air showers
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LHCf

TOTEM, CASTOR

27 km

Proton beams:   7 TeV
Lead beams:    5.5 TeV



Prague – September 9, 2005 The LHCf experiment at LHC Oscar Adriani

LHCf: detectors on both sides of IP1

INTERACTION POINT

IP1 (ATLAS)

Beam line

Detector II
Tungsten

Scintillator
Silicon µstrips

Detector I
Tungsten

Scintillator
Scintillating fibers

140 m 140 m

Detectors should measure energy and position of γ 
from π0 decays  e.m. calorimeters with 
position sensitive layers

θ < 400 µrad
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interaction point

140m96mm

Arm 1 detector

Arm 2 detector



Expected signal and
discrimination power
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(Kasahara, ISVHECRI 2006)



                       

ZDC @ 140 m

CASTOR

T1  3.1< η <4.7
T2  5.3<η <6.7
Castor 5.25<η <6.5 

Extend the reach in η from |η|<5 
to |η| <6.7
+ neutral energy at zero degrees

Forward Detectors in IP5: CMS/TOTEM



TOTEM roman pot 
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Detector Progress: CASTOR
A. Panagiotou

                  CASTOR (9.8 λI)    

EM: 5.3 < η < 6.46,  99% containment

H:   5.25 < η < 6.3,  95% containment

                                  4.9 λI for η=5.2

ηHF = 5.25 at half depth



                       
Beam pipe splits 140m from IR

ZDC 
LOCATION

BEAMS

•Tungsten/ quartz fiber 
• EM and HAD section
• Now in testbeam
• Installation of first detector
next month, the 2nd next spring

ZDC: zero degree calorimeter (CMS)



Proton-proton at LHC (MC level)
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Figure 10.1: Transverse and total energy distributions for pp collisions at LHC energies pre-
dicted by four generators typically used to model hadronic showers generated by ultra-high
energy cosmic rays [199].
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Figure 10.2: Cosmic ray flux scaled by E2.5 as a function of energy. Shown is a selection of
recent measurements; for more details and all references, the reader is referred to [202].
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Proton-proton at LHC (detector simulation)
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Figure 10.2: Cosmic ray flux scaled by E2.5 as a function of energy. Shown is a selection of
recent measurements; for more details and all references, the reader is referred to [202].

Transverse energy Total energy

130 Chapter 10. Validation of Hadronic Shower Models Used in Cosmic Ray Physics

Pseudorapidity
5 5.5 6 6.5 7

G
e
v
 /
 0

.1

0

20

40

60

80

100

120
--- DPM 3

--- NEX 3

--- QGS 0.1

--- SIB 2.1

dE / dEta

Pseudorapidity
5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7

G
e
v
 /
 0

.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

dEt / dEta

Figure 10.3: Energy flow (left panel) and transverse-energy flow (right panel) distributions
in CASTOR for diffractive events as a function of pseudorapidity.
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Figure 10.4: Charged particle multiplicity as a function of pseudorapidity for inelastic events
(left panel) and diffractive events (right panel).
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Figure 10.4: Charged particle multiplicity as a function of pseudorapidity for inelastic events
(left panel) and diffractive events (right panel).



Low-energy interactions in air showers
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(C. Meurer et al., ICRC 2005, Pune, India)

 (GeV)kinE

0 2 4 6 8 10 12 14

ki
n

 d
N

/d
E

ki
n

E

-110

1

10

210

310

 (GeV)kinE

0 2 4 6 8 10 12 14

ki
n

 d
N

/d
E

ki
n

E

-110

1

10

210

310

 (GeV)kinE

1 10 210 310 410 510 610

Nucleons
Pions

Kaons

GHEISHA QGSJET 01

µ
νµ

π

Ekin

p



HARP: Hadron Production Experiment at the PS

45
CERN Proton Synchrotron 

24 GeV protons

Aluminum
target

HARP
detector

Charge and momentum 
selected secondary beam:
3 - 15 GeV/c

beamline T9
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drift chambers

PS 214

time-of-flight
scintillators

beam-muon
identifier

electron
identifier

threshold Cherenkov
dipole magnet

beam

TPC + RPCs in
solenoid magnet

HARP

Forward spectrometer

Large angle detector (Catanesi et al., NIM A571, 2007)



HARP p-C data at 12 GeV
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Positive pions

Negative pions

None of the models 
describes data consistently
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Summary
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Cosmic ray interaction and secondary particle production abundant
• inclusive fluxes of neutrinos, gamma-rays, neutrons, antiprotons
• extensive air showers
• energies: particle production threshold to highest energies in universe

Important information from interactions
• energy loss during propagation
• secondary particles

Models needed for description/simulation of interactions
• resonances, two-string model, minijet-model
• large uncertainties (composition measurements affected)
• accelerator measurements of central importance, 

collaboration with high energy phsicists

Many open questions at the interface between particle and
                                                                              cosmic ray physics



Elongation rate theorem
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Bn =
d lnntot

d lnE

Bλ =− 1
X0

dλint

d lnE

Dhad
e = X0(1−Bn−Bλ)

Large if multiplicity of high energy particles 
rises very fast, zero in case of scaling

(Linsley, Watson PRL46, 1981) 

Large if cross section rises rapidly with energy

D10 = log(10)DeNote: 

X0 = 37 g/cm2



Problem 1: HiRes-MIA hybrid measurement
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HiRes Fly‘s Eye and MIA Collabs., Phys. Rev. Lett. 84 (2000) 4276

Analysis with QGSJET98 (very similar to QGSJET01)

Muon density 600m from coreMean depth of shower maximum



Problem 2: Auger data analysis based on universality

Relative muon density at 1000m

Golden hybrid events

Constant 
intensity method

proton

iron
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Two-gluon scattering: QGSJET

proton

proton

Two strings with 
high-pt kinks

Sea quark pairs form end of strings, generated 
from model distribution

dP
dx
∼ 1√

x
52


