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Astroparticle physics connection

Example: Ultra-high energy cosmic rays

• Sources: 
interaction of hadrons with dense γ-ray fields

• Propagation: 
interaction with cosmic microwave background

• Detection: 
interaction with nuclei in the Earth´s atmosphere,
extensive air showers 
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The first really big air shower



The first really big air shower



Magnetic fields in our Galaxy

disk

Galactic

Center

halo

15 kpc

300 pc

Sun

8 kpc
2-4 kpc

Disk field:
bisymmetrical spiral

Halo field:  A0 dynamo

Near solar system: 
      3µG (regular) ± 3µG (random) 

Lamor radius (proton):
      1pc = 3.2 ly  at  3x1015 eV
      1kpc            at  3x1018 eV



Transition from galactic to extra-galactic CRs
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Acceleration: general source constraints
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Additional constraints 
from energy losses in 
acceleration region !



Radio galaxies

D ~ 30 Mpc
MBH ~ 5 x 108 Msolar



Background radiation

CMB: Penzias & Wilson (1965)

400 ph/cm3

Greisen, Zatsepin &
 Kuzmin (1966)

Universe opaque for 
p/n & nuclei E > 1020 eV

IR

γ-rays

visible

x-rays

URB

A γCMB → (A−1) N
→ (A−2) 2N

p γCMB → p π0

→ n π+

〈Eγ〉 ∼ 6.3×10−4 eV



Energy loss due to propagation

(Cronin, TAUP 2003)

Proton propagation

dE
dl

=− E
χLoss

GZK suppression for all particles

(Allard et al., JCAP 2006)



Comparison AGASA vs. HiRes (E3 scaled)
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Top-down source scenarios

(MX ~ 1023 - 1024 eV)

Fragmentation function

dNh

dx
∼ x−3/2(1− x)2

QCD: ~ E-1.5 energy spectrum

QCD+SUSY: ~ E-1.9 spectrum 

X particles from:
• topological defects
• monopoles
• cosmic strings
• cosmic necklaces
• .....

X particle



Top-down: SHDM flux predictions

Comparison with AGASA data
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Figure 19: Spectra of neutrinos (upper curve), photons (middle curve) and protons (two lower
curves) in SHDM model compared with AGASA data. The neutrino flux is dominated by the
halo component with small admixture of extragalactic flux. The flux of extragalactic protons
is shown by the lower curve.
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Figure 20: Comparison of SHDM prediction with the AGASA data. The calculated spectrum
of SHDM photons is shown by dotted curves for two different normalizations. The dashed
curve gives the spectrum of extragalactic protons in the non-evolutionary model of Ref. [70].
The sum of these two spectra is shown by the thick curves. The χ2 values are given of the
comparison of these curves with experimental data for E ≥ 4 × 1019 eV.
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Figure 21: Diffuse spectra from necklaces. The upper curve shows neutrino flux,the middle
- proton flux, and two lower curves - photon fluxes for two cases of absorption. The thick
continuous curve gives the sum of the proton and higher photon flux.
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Model:
• 5x104 overdensity in halo
• lifetime 1017 - 1028 s

Predictions:
• no GZK cutoff
• large γ-ray and ν fluxes
• anisotropy (~ 10%)
• small-scale clustering (?)

(Aloisio, Berezinsky, Kachelrieß, 2004)



Southern Pierre 
Auger Observatory

Malargue, Argentina

Area ~3000 km2, 
1600 surface detectors,

 24 telescopes



UHECRs and photoproduction

• Propagation: 
   photoproduction at particle production threshold on nuclei up to Fe,
   photodissociation of nuclei

• Acceleration: 
   photoproduction up to √s ~ 100 GeV on nuclei up to Fe,
   photodissociation of nuclei

• Extensive air showers: 
   photoproduction up to √s ~ 400.000 GeV on light nuclei of atmosphere,
   muon production in photon-induced showers

Monte Carlo models needed for simulation even 
if no theory/phenomenology or data available



Simulation concepts: energy ranges

0

0.1

0.2

0.3

0.4

0.5

0.6

10
-1

1 10 10
2

10
3

10
4

10
5

10
6

10
7

E
!
  (GeV)

"
!p

 (
m

b
)

H1

ZEUS

(Heck et al., 1998)

Resonances

Regge region

Parton region ???



Low energy region
(resonances)



Example: Monte Carlo code SOPHIA

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

Multiparticle 
production

Elastic scattering

ρ, ω, ϕ, ...γγ

γ

γ

p/n

p/n p/n

p/n
p/n

p/n

Δ+

Direct pion
production

π±Resonance production
 (s channel)

SOPHIA  (Mücke et al. CPC124, 2000)

String model



Description of total cross section
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Description of final states
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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.



Example: INC Monte Carlo model

(Ilinov, Pshenichnov et al., NPA616, 1997)
AS. Iljinov et al./Nuclear Physics A 616 (1997) 575-605 

Table 1 

Channels of elementary yN interactions taken into account in the INC model 

yp-interaction yn-interaction 

577 

yn + f-p 

yn + Ton 

yp -+ r-A++ yn + r-A+ 

yp + roA+ yn + ?r”Ao 

yp -+ QT+A’ yn -+ &A- 

YP - VP 

YP - UP 

YP - POP 

YP + P+n 

yn + rln 
yn + wn 

yn -+ pan 

Yn + P-P 

yp --+ &P-p 

yp --i ?r%r+n 

yn ---f rr+r-n 

yn ---f ~~~7r-p 

yp * ?rwnup 

yp + 7r+Tr-dp 

yp ---f T+db-% 

yp + T+z-+T-n 

yn -+ r”ro?ron 

yn + ?r+s--s-On 

yn -+ 7r-&r”p 

yn -b rr+r-r-p 

yp --f i?rN (4 Q i < 8) 

(35 channels) 

yn-+irN(4<iQ8) 

(35 channels) 

However, in the last energy region a part of the two-body subchannels yN ---) 7.rB* 

and yN --f M*N (being B* and M” baryon and meson resonances, respectively) is 

prominent 4. 

Finally, when the photon energy reaches the value of several GeV, the multiple 

pion production becomes the main process. A large number (- 80) of many-body 

subchannels is the specific feature of this process. 

2.1. Two-body subprocesses 

To describe the two-body channels we have basically used the Monte Carlo event 

generator of Corvisiero et al. [ 61, where we modified the integral cross sections taking 

into account the new data available after its publication and also the old data which 

were not considered in it. The reason of this was to improve the description of the total 

yp and yn cross sections (which are known with a high precision) in particular in the 

region E, > 1 GeV, where the original Monte Carlo code of Corvisiero et al. was not 

very accurate (as it will be shown in Fig. 8). 

Here we briefly mention the main statements of the calculation of each two-body 

reaction, describe the modifications we performed, and compare the results of the cal- 

culation with the experimental data in order to show the accuracy of our version of the 

event generator. 

4 At E, < 2 GeV the cross section of the two-body subchannels yN ---f M*B* is less than the cross section 
of subchannels yN --+ nB* and yN + M*N [5], and we neglected it. 

Decay channels of 6 
baryon resonances and 
multiparticle channels

Explicit generation of 
kinematics of multiparticle 
final states (isobar model)

Interaction with nuclei, 
used in RELDIS

Others: 
     PEANUT (FLUKA)



INC: Description of final states
578 AS. Iljinov et al./Nuclear Physics A 616 (1997) 575-605 
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Fig. 1. Energy dependence of the cross section of ‘yp -+ a+n and yn + P-P reactions. Experimental points 

are taken from Ref. [ 51. Histograms are the results of our calculation. 

The channel yN -+ z-N was calculated in the framework of the phenomenological 

approach described in Ref. [7] which can be used up to Ey = 1.7 GeV. Existing 

data [ 81 were interpolated at higher Ey values. In this approach, the amplitude of pion 

photoproduction contains Breit-Wigner resonant terms, Born terms, and a weakly-energy 

dependent “background”  contribution, which is used as an adjustable parameter. The 

masses and widths of the resonances were taken from the TN-scattering data, and their 

amplitudes were free parameters. Excitation of six baryon resonances were taken into 

account: among them the A( 1232), N*( 1520)) and N*( 1680) are the most important. 

The calculation describes well both the integral [5] (Fig. 1) and differential [g-13] 

(Fig. 2) cross sections of yp + rTT+n, yn -+ s--p and yp --) rap reactions, and this 

provided a reliable way to extrapolate results on the case of yn --+ V’O~ reaction where 

data are not available. 

In the original version of the yN-event generator [6] the channel yN ---f rrA, with 

different charge states of the TA-pair, was calculated in the framework of the phe- 

nomenological approach described in Ref. [ 141. The Feynman diagram which corre- 

A.S. Iljinov et al./Nuclear Physics A 616 (1997) 575-605 579 
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Fig, 2. Angular distribution (in the c.m. system (c.m.s.)) of pions produced in -yp -+ d-n, yp --+ ?r”p, and 

yz --+ rr-p reactions at various energies of photons E,. Points were taken from Refs. [9-131. Histograms 

are the results of our calculation. 

sponds to the “contact”  interaction, the pole diagram, and the diagram with Dis( 1520) 

and FIN ( 1688) s-channel resonances were taken into account in the calculation of the 

integral and differential cross sections. These cross sections were derived from an inter- 

polation of experimental data above E, = 1.2 GeV (see Ref. [ 61 for details). In order 

to verify the above described approach [ 141, we compared the calculated integral cross 

sections for yn + z-+A- and yn 4 r- Af reactions with experimental data originally 

published in Ref. [ 151 and compiled in Ref. [ 51. Although the data have large uncer- 

tainties and refer to a narrow E, region, we tried to adjust the magnitudes of integral 

cross sections used in Ref. [ 61, keeping their energy dependences. This completely phe- 

nomenological procedure eliminates obvious overestimation of the yn 4 rTT+rTT-n and 

yn + r”~-p experimental data and reproduces the observations made in Ref. [ 151 

concerning the difference between the yn -+ r+A- and yp + r-A++ cross sections 

(Ilinov, Pshenichnov et al., NPA616, 1997)



Interaction with nuclei

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



Effective em. dissociation cross section
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Product of equivalent 
photon flux dn/dEγ 
and cross section for 
dissociation

Simulation with RELDIS
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Intermediate energy region
(Reggeons, topologies)



Vector meson dominance model

Lifetime of hadronic 
fluctuation of real photon

tfluc ∼ 1/∆E ∼
2kγ

M2 +Q2

e2

f 2
ρ
≈ 0.0036,

e2

f 2
ω
≈ 0.00031,

e2

f 2
φ
≈ 0.00055

Approximation (low energy):

A(T )
γh→X (s, t,q2, . . .) = ∑
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scattering processes off heavy nuclei and at high energies,

where the cross section of the pointlike photon-nucleon in-

teraction becomes sizable as compared to the total photon-

nucleon cross section.

The intention of the present paper is twofold: calculating

cross sections of photon-nucleus interactions, we !i" investi-
gate the influence of pointlike processes on the shadowing

behavior at high energies, and !ii" provide the basis for a
study of particle production in photon-nucleus collisions

#24$. In Sec. II we consider photon-nucleon collisions and
derive total cross sections for qq̄-nucleon interactions. In

Sec. III pointlike photon interactions are discussed and their

contribution to the total photon-nucleon cross section is es-

timated. In Sec. IV we calculate photon-nucleus cross sec-

tions and the shadowing behavior. Both are compared to data

on photoproduction and deep inelastic scattering !DIS" off
nuclei and extrapolations to high energies are given. Finally,

in Sec. V we summarize our results.

II. TOTAL PHOTON-NUCLEON CROSS SECTIONS

Throughout this paper we consider the photon-nucleon

scattering process in the laboratory frame !nucleon rest

frame" using the following kinematical variables. The

Bjorken-x variable is defined as x!Q2/2m% denoting with

Q2, % , and m the photon virtuality, the photon energy, and

the nucleon mass, respectively. The squared total energy of

the photon-nucleon system is given by

s!Q2(1"x)/x#m2. We restrict our discussions to small x

values (x$0.1) and to the limit s%Q2.

Within the diagonal GVDM #9,10$ it is assumed that the
virtual photon fluctuates into intermediate qq̄ states V of

mass M which subsequently may interact with the nucleon

N . This fact can be expressed by a spectral relation of the

form #15,14,25$
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where we sum up the squared quark charges of all quark

flavors being energetically accessible. * is the ratio between
the fluxes of longitudinally and transversally polarized pho-

tons. &VN denotes the effective cross section for the interac-

tion of a qq̄ system with mass M with a nucleon.

Considering low-Q2 '!p scattering only, a detailed model

for the M 2 and Q2 dependence of &VN is not needed. At high

collision energies, the average lifetime of the hadronic qq̄

fluctuation t f.2%/(M 2#Q2) is almost always larger than

the typical hadronic interaction time t int !for nucleons

t int.rN,1 fm". However, in photon-nucleus collisions the
M 2 and Q2 dependence of &VN might be important since the

coherence length d.t f of the hadronic fluctuation can be-

come comparable to or smaller than the nuclear radius or the

nuclear mean free path #,1/(n&VN), with n being the num-

ber of nucleons per unit volume$ #15$. Therefore, in the fol-
lowing we are going to estimate the !purely theoretical"
quantity &VN using Eq. !1" and a parametrization for the
experimentally measurable cross section &'!N .

With increasing mass M of the qq̄ system the virtuality of

the q and q̄ of the system increases. As a consequence, the

transverse size of the hadronic fluctuation and, hence, &VN

decreases like 1/M 2 at large M 2 #15,22$. Following Ref. #15$
we approximate this effect parametrizing &VN as
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Here, C is a model-dependent parameter #15$ and taken to be
C2!2 GeV2. With Eq. !3" the M 2 dependence of the inte-

grand in Eq. !1" is explicitly known and the integration over
M 2 between M 0

2!4m(
2 and M 1

2!s can be performed. The

lower integration limit corresponds to the kinematical thresh-

old. Alternatively, the contributions from the low mass vec-

tor mesons /0, 0 , and 1 could be added as separate terms to

the continuum #Eq. !1"$, in this case starting the integration
at m1

2 #14,26$. However, this has been omitted for simplicity.
The upper limit, here formally taken to be s , has practically

no influence on the results at low and moderate Q2 since

high M 2 values are suppressed. The only quantity on the

right hand side !RHS" of Eqs. !1" and !3" which is unknown
so far is &̃VN . Using a parametrization for &'!N , the M

2

independent part of Eq. !3", &̃VN , can be calculated for each

value of s and Q2.

Applying the convention of Ref. #27$, the cross section
for the scattering of virtual photons off nucleons &'!N can be

written as
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Since in the present paper we want to study cross sections

and shadowing in the Q2 region of both, photoproduction

and DIS, we use the model of Capella, Kaidalov, Merino,

and Trân Thanh Vân #28$ !CKMT" for the structure function
F2
N which provides a simple analytical parametrization valid

for 02Q2'5 GeV2. The nucleon structure function is de-

rived from Regge arguments taking rescattering effects into
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where the cross section of the pointlike photon-nucleon in-

teraction becomes sizable as compared to the total photon-

nucleon cross section.

The intention of the present paper is twofold: calculating

cross sections of photon-nucleus interactions, we !i" investi-
gate the influence of pointlike processes on the shadowing

behavior at high energies, and !ii" provide the basis for a
study of particle production in photon-nucleus collisions

#24$. In Sec. II we consider photon-nucleon collisions and
derive total cross sections for qq̄-nucleon interactions. In

Sec. III pointlike photon interactions are discussed and their

contribution to the total photon-nucleon cross section is es-

timated. In Sec. IV we calculate photon-nucleus cross sec-

tions and the shadowing behavior. Both are compared to data

on photoproduction and deep inelastic scattering !DIS" off
nuclei and extrapolations to high energies are given. Finally,

in Sec. V we summarize our results.
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scattering process in the laboratory frame !nucleon rest

frame" using the following kinematical variables. The

Bjorken-x variable is defined as x!Q2/2m% denoting with

Q2, % , and m the photon virtuality, the photon energy, and

the nucleon mass, respectively. The squared total energy of

the photon-nucleon system is given by

s!Q2(1"x)/x#m2. We restrict our discussions to small x

values (x$0.1) and to the limit s%Q2.

Within the diagonal GVDM #9,10$ it is assumed that the
virtual photon fluctuates into intermediate qq̄ states V of

mass M which subsequently may interact with the nucleon

N . This fact can be expressed by a spectral relation of the

form #15,14,25$
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where we sum up the squared quark charges of all quark

flavors being energetically accessible. * is the ratio between
the fluxes of longitudinally and transversally polarized pho-

tons. &VN denotes the effective cross section for the interac-

tion of a qq̄ system with mass M with a nucleon.

Considering low-Q2 '!p scattering only, a detailed model

for the M 2 and Q2 dependence of &VN is not needed. At high

collision energies, the average lifetime of the hadronic qq̄

fluctuation t f.2%/(M 2#Q2) is almost always larger than

the typical hadronic interaction time t int !for nucleons

t int.rN,1 fm". However, in photon-nucleus collisions the
M 2 and Q2 dependence of &VN might be important since the

coherence length d.t f of the hadronic fluctuation can be-

come comparable to or smaller than the nuclear radius or the

nuclear mean free path #,1/(n&VN), with n being the num-

ber of nucleons per unit volume$ #15$. Therefore, in the fol-
lowing we are going to estimate the !purely theoretical"
quantity &VN using Eq. !1" and a parametrization for the
experimentally measurable cross section &'!N .

With increasing mass M of the qq̄ system the virtuality of

the q and q̄ of the system increases. As a consequence, the

transverse size of the hadronic fluctuation and, hence, &VN

decreases like 1/M 2 at large M 2 #15,22$. Following Ref. #15$
we approximate this effect parametrizing &VN as
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Here, C is a model-dependent parameter #15$ and taken to be
C2!2 GeV2. With Eq. !3" the M 2 dependence of the inte-

grand in Eq. !1" is explicitly known and the integration over
M 2 between M 0

2!4m(
2 and M 1

2!s can be performed. The

lower integration limit corresponds to the kinematical thresh-

old. Alternatively, the contributions from the low mass vec-

tor mesons /0, 0 , and 1 could be added as separate terms to

the continuum #Eq. !1"$, in this case starting the integration
at m1

2 #14,26$. However, this has been omitted for simplicity.
The upper limit, here formally taken to be s , has practically

no influence on the results at low and moderate Q2 since

high M 2 values are suppressed. The only quantity on the

right hand side !RHS" of Eqs. !1" and !3" which is unknown
so far is &̃VN . Using a parametrization for &'!N , the M

2

independent part of Eq. !3", &̃VN , can be calculated for each

value of s and Q2.
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nucleon cross section.

The intention of the present paper is twofold: calculating

cross sections of photon-nucleus interactions, we !i" investi-
gate the influence of pointlike processes on the shadowing

behavior at high energies, and !ii" provide the basis for a
study of particle production in photon-nucleus collisions
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Confinement: color flow topologies
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Unitarity cuts (optical theorem)
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Pomeron exchange:
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• DPMJET, QGSJET: leading particle distributions determined by
pomeron/reggeon parameters (Mueller diagrams)
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• neXus, SIBYLL: fits to data

fSIB
nuc (x) ∼ (x2

q + µ2/s)−1/4(1− xq)3

• distributions assumed to be energy-independent

• energy-momentum conservation influences distributions

Leading particle production: models

• DPMJET, QGSJET: leading particle distributions determined by
pomeron/reggeon parameters (Mueller diagrams)
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mes (x) ∼ x
−1/2
q (1−xq)1/2

• neXus, SIBYLL: fits to data

fSIB
nuc (x) ∼ (x2

q + µ2/s)−1/4(1− xq)3

• distributions assumed to be energy-independent

• energy-momentum conservation influences distributions

Splitting functions
(Regge asymptotics)

(Capella et al. PR 1994, Kaidalov et al.)



Fragmentation & two-string model
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Example: 
q-qbar pair produced 
in e+e- annihilation

Chain of hadrons

time

dN
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rapidity y
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rapidity y

Most important final
 state topology

PHOJET (RE, Ranft)
DPMJET (Roesler, RE, Ranft)

PYTHIA (Sjöstrand)



NA22 European Hybrid Spectrometer data
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Multiplicity at low energy
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New NA49 data (p-p and p-C, 158 GeV)
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Photoproduction on hadrons

OMEGA Collab.,  Eγ = 110 ... 170 GeV

CHAPTER 5. CONFRONTING THE MODEL WITH DATA . . . 73

Figure 5.10: Invariant Feynman-x distributions of positively and negatively charged
hadrons produced in µp collisions. The data are from [218].

Figure 5.11: Aver-
age transverse momentum
of positively and negatively
charged hadrons as func-
tion of the Feynman-x .
The model results are com-
pared with data from µp
collisions [218].

the variable y is the fraction of the muon energy transfered from the muon to the photon
in the bremsstrahlung process (see Eq. D.5). In case of the kinematic range 4.7 <√

sγ!p < 10 GeV, the agreement between the model and the data is only reasonable
since the kinematic limit for the applicability of the model is reached. In Fig. 5.11 the
average transverse momentum of positively and negatively charged hadrons is shown
as seagull plot. The data [218] are well reproduced by the model.

The HERA ep collider allows the investigation of photoproduction at high c.m.
energies (

√
sγp ≈ 70 − 275 GeV). Most of the published data are given in terms of

the ep cross sections1 imposing restrictions on the kinematic variables y and Q2. By
convention, the incoming electron is taken along the negative z axis. Due to the
asymmetric beam energies (Ep = 820 GeV, Ee = 27.6 GeV), the γp CMS is shifted by
approximately two rapidity units η" ≈ η − 2.

1For simplicity, both electrons and positrons are referred to as electrons.

Virtual photons

Note: PHOJET now 
part of DPMJET III



Glauber model of nuclear collisions

b
projectile

σinel =
Z
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∏
k=1

(
1−σNN

tot TN(!b−!sk)
)]
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}]

Standard Glauber approximation:

σprod ≈
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1− exp
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DPMJET: Pauli blocking
intranuclear cascade with 
formation zone



Fixed-target hadron-nucleus data (i)
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Fixed-target hadron-nucleus data (ii)
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Fixed-target nucleus-nucleus data
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Photon-nucleus scattering

Straightforward application of GVDM (DPMJET III)

scription of photon-nucleon interactions is studied. There, we

argue that a model which should give a reasonable descrip-

tion of photoproduction off nuclei has to be able to describe

the main features of photon-proton interactions as well.

Since it was found by the H1 Collaboration !5" that the
PHOJET event generator provides a reasonable description of

#p photoproduction at 200 GeV c.m. energy using a trans-

verse momentum cutoff of 3 GeV/c we use this value con-

sistently for the calculation of cross sections and of particle

production in photon-proton and in photon-nucleus interac-

tions. It should be emphasized that using a much lower trans-

verse momentum cutoff, the strong parton virtuality ordering

assumed in the parton model expression $8% becomes ques-
tionable since very small x-values would enter this equation

!48". The formalism presented here is only applicable for

photons with low Q2, i.e., Q2!4p!
2 . In Fig. 1 the calculated

cross sections for direct and anomalous photon interactions

on a proton target are shown. In addition we plot the results

from a calculation using the SaS-2D PDFs for the photon

!47". The differences between the results obtained with the
two PDF parametrizations are small and do not change the

qualitative conclusions drawn from this investigation.

IV. PHOTON-NUCLEUS INTERACTIONS

A. Cross sections

The application of Eq. $1% to the scattering of a virtual
photon on a nuclear target of mass number A is straightfor-

ward $see !14" and references therein%. In order to calculate
the total virtual photon-nucleus cross section &#!A , &VN has

to be replaced by the effective cross section &VA for the

interaction of a qq̄ system of mass M with a nucleus with

mass number A:
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argue that a model which should give a reasonable descrip-

tion of photoproduction off nuclei has to be able to describe

the main features of photon-proton interactions as well.

Since it was found by the H1 Collaboration !5" that the
PHOJET event generator provides a reasonable description of

#p photoproduction at 200 GeV c.m. energy using a trans-

verse momentum cutoff of 3 GeV/c we use this value con-

sistently for the calculation of cross sections and of particle

production in photon-proton and in photon-nucleus interac-

tions. It should be emphasized that using a much lower trans-

verse momentum cutoff, the strong parton virtuality ordering

assumed in the parton model expression $8% becomes ques-
tionable since very small x-values would enter this equation

!48". The formalism presented here is only applicable for

photons with low Q2, i.e., Q2!4p!
2 . In Fig. 1 the calculated

cross sections for direct and anomalous photon interactions

on a proton target are shown. In addition we plot the results

from a calculation using the SaS-2D PDFs for the photon

!47". The differences between the results obtained with the
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qualitative conclusions drawn from this investigation.
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tion of photoproduction off nuclei has to be able to describe

the main features of photon-proton interactions as well.

Since it was found by the H1 Collaboration !5" that the
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assumed in the parton model expression $8% becomes ques-
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!48". The formalism presented here is only applicable for
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cross sections for direct and anomalous photon interactions

on a proton target are shown. In addition we plot the results

from a calculation using the SaS-2D PDFs for the photon

!47". The differences between the results obtained with the
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PHOJET event generator provides a reasonable description of
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assumed in the parton model expression $8% becomes ques-
tionable since very small x-values would enter this equation

!48". The formalism presented here is only applicable for

photons with low Q2, i.e., Q2!4p!
2 . In Fig. 1 the calculated

cross sections for direct and anomalous photon interactions

on a proton target are shown. In addition we plot the results

from a calculation using the SaS-2D PDFs for the photon

!47". The differences between the results obtained with the
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DPMJET: cross sections

The integrations over the r! j’s are performed by taking the
average of the integrand in Eqs. !16", !17" over a sufficiently
large number of nucleon coordinates sets sampled from the

density distribution #A .
At low energies the coherence length d may lead to a

suppression of shadowing which we take into account in the

calculation of the product over the A nucleons for a fixed

spatial nucleon configuration $Eqs. !16", !17"%. In the non-
shadowing limit, i.e., if d is smaller than any internucleon

distance, we obtain a sum over &(b! i) and, therefore,

'VA(A'VN .

As discussed initially, in direct photon interactions the

Glauber multiple scattering process is, per definition, com-

pletely suppressed since the photon couples directly to a par-

ton in a nucleon without leaving any remnant. In contrast,

the assumption that also in anomalous photon interactions

the Glauber cascade is reduced to one qq̄-nucleon scattering

can only be considered as an extreme case. In general, there

is a leading-twist soft contribution to hard processes which,

as discussed in $52%, might influence the shadowing behavior
even for large values of M 2. However, our assumption to

neglect all shadowing contributions in direct and anomalous

interactions is justified since we are interested in estimating

the maximum possible effect of the pointlike interactions on

the shadowing behavior at high energies. It is obvious how

the pointlike processes have to be taken into account in Eq.

!13": 'VN has to be replaced by (1!))'VN and A•'*!N

pl
is

added explicitly to Eq. !10", with

FIG. 4. The dependence of the total cross sections for interac-

tions of real photons with carbon, copper, and lead on the photon

energy !full lines" is compared to measurements $53–56%. The in-
fluence of the coherence length is indicated by dotted lines where

we show the cross sections as they would be obtained disregarding

the finite coherence length of the photon.

FIG. 5. Extrapolation of total cross sections for photoproduction

off carbon-, copper-, and lead-nuclei. !s is the photon-nucleon c.m.
energy. The pure GVDM prediction is shown by the dotted lines.

The cross sections taking the suppression of shadowing by pointlike

photon-nucleon interactions into consideration are given by solid

lines.

FIG. 6. Per-nucleon ratios of real photon-carbon !a", -copper
!b", and -lead !c" cross sections to photon-nucleon cross sections are
shown together with measurements $53–56%.
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In Fig. 4 we compare our results on $%A in the photopro-

duction limit (Q2!0) for carbon, copper, and lead targets
"solid lines# to data &53–56'. The agreement is reasonable
apart from the low energy region where our results for the

carbon target seem to show less shadowing than measured.

However, for ()2–3 GeV the lower energy limit of the

applicability of the model is reached. In addition, we indicate

with dotted lines the cross sections which would be obtained

if one neglects the limited coherence length at low energies.

Whereas this effect is less significant for light targets, it is

responsible for the increase of the cross sections towards

lower energies observed in interactions of real photons with

copper and lead nuclei.

An extrapolation in energy of the real photon-nucleus

cross section is presented in Fig. 5, again, for the three target

nuclei carbon, copper, and lead. Here, the pointlike interac-

tions lead to a stronger increase of the cross sections above a

photon-nucleon c.m. energy of 100 GeV "solid lines# than it
would be obtained neglecting the suppression of the

Glauber-cascade by pointlike processes "dotted lines#.

B. Nuclear shadowing of photons

The ratio of the total photon-nucleus to the total photon-

nucleon cross section, which gives the effective number of

nucleons Aeff ‘‘seen’’ by the photon projectile, has been

measured in photoproduction experiments using carbon, cop-

per, and lead targets &53–56'. We compare these data in the
form Aeff /A , frequently called ‘‘effective attenuation,’’ to

results of our calculations in Fig. 6"a#–6"c#. The agreement
is reasonable. However, there are considerable uncertainties

within the measurements as well as differences between the

results obtained in different experiments which make it dif-

ficult to draw further conclusions from this comparison.

In Fig. 7 the shadowing ratios $%!A /(A$%!N) for real

photons are extrapolated in energy up to a photon-nucleon

c.m. energy of 2 TeV. In order to study the influence of

pointlike processes to the high energy shadowing behavior

we plot the full model "solid lines# and the cross sections
obtained if the pointlike processes are not taken into consid-

eration "dotted lines#. From this comparison we conclude

that pointlike processes are responsible for a decrease of the

nuclear shadowing with increasing energy.

Let us now turn to lepton-nucleus interactions where the

shadowing region (x#0.1) has been investigated by the
E665 Collaboration using 470 GeV/c muons and by the New

Muon Collaboration "NMC# using 200 GeV muons. Within
our calculations the flux g of virtual photons is sampled ac-

cording to the equivalent photon approximation "EPA#
folded with the Q2 dependent cross section $%!A &Eq. "10#,
see also &32' for details'

FIG. 7. As in Fig. 5 but for the shadowing ratios.

FIG. 8. The dependence of the per-nucleon ratios of photon-

carbon "a#, -calcium "b#, and -lead "c# cross sections to photon-
nucleon cross sections on the Bjorken-x is compared to data of the

E665- &57' and NMC-Collaborations &58,59'.
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Coherence length

Photoproduction cross section

(RE, Ranft, Roesler, PRD55, 1997)
0.15 ≤ Q2 ≤ 8 GeV2

carbon

calcium

lead



Inclusive photoproduction on nuclei

distributions of positively !a" and negatively charged hadrons
!b" in the photon-nucleon c.m. frame to data #48$. The com-
parisons are shown for three ranges of the photon-nucleon

c.m. energy W . Taking into account that the treatment of

high Q2 values in our model #15$ might be too simplified, the
description of the data by the model is satisfactory with the

exception of the production of positively charged particles in

the target fragmentation region of the muon-xenon interac-

tion !Fig. 10a, y%!3". The peak in the calculated distribu-
tions clearly reflects the production of target associated par-

ticles by intranuclear cascade processes which are present in

the distributions if a momentum cut as low as 200 MeV/c in

the laboratory frame is applied to the results. The multiplic-

ity seen in the target fragmentation region depends strongly

on this cutoff. We assume that the differences might be due

to additional kinematic cuts applied to the data or due to

experimental uncertainties !with respect to the momentum
cutoff" for the following reasons: !i" the models for slow
particle production implemented in DTUNUC 2.0 are in good

agreement with data from hadron-nucleus as well as nucleus-

nucleus collisions #22,23$, !ii" the dependence of shadowing
on the photon virtuality and energy is qualitatively under-

stood within our model and describes corresponding data of

the E665 Collaboration reasonably well #10$, and !iii" the
rapidity distributions of negatively charged particles and of

positively charged particles outside the target fragmentation

region in muon-xenon interactions and of charged particles

in muon-deuterium interactions agree with E665 data.

Distributions of charged hadrons from muon-deuterium

and muon-xenon interactions at 490 GeV were measured as

function of z"E/& !E and & being the secondary hadron
energy and the photon energy in the target rest frame, respec-

tively" by Adams et al. #50$. In Figs. 11a and 11b our results
on the z distributions are shown together with these data.

Both, model results and data, are restricted to the shadowing

region, i.e. to xBj#0.005 and Q
2#1 GeV2. We find a good

agreement in the whole z range.

Feynman-x distributions are usually studied in terms of

the one-particle inclusive variable F(xF) defined as

F!xF""
1

'(A
tot

2E

)W

d'

dxF
, xF"

2p !

W
. !10"

The quantities E , p ! , and W"!s denote the energy and
longitudinal momentum in the photon-nucleon c.m. system,

and the photon-nucleon c.m. energy, respectively. The

Feynman-x distribution of positively and negatively charged

hadrons is given together with data #51$ in Fig. 11c for
muon-deuterium interactions at 147 GeV. Here, the photon

FIG. 10. As in Fig. 9, here for muon-xenon interactions.
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backward region which are strongly affected by target asso-

ciated particle production and, therefore, by the laboratory

momentum cut applied to the final state hadrons, are slightly

higher than the data whereas those in forward direction are

lower. Multiplicities averaged over all energies of the

photon-nucleus interaction are compared to the correspond-

ing experimental values in Table II.

3. Inclusive particle distributions

In Fig. 8 the model results for the pseudorapidity distri-

butions of shower particles from muon-emulsion interactions

at 150 GeV are compared to data again from measurements

by Hand et al. !47". The kinematic range of the experiment is
0.6!Q2!21 GeV2 and 2.5!W#16.5 GeV. The distribu-
tions shown for muon-emulsion interaction cover different

but overlapping W ranges: in $a% data and MC results are

plotted for 9!W!14 GeV and in $b% for W"10 GeV
(&Q2'#2.7 GeV2). Let us first compare the two data sets
which include 43 events in $a% and 47 events in $b% !47". One
obvious difference is the peak in the distribution in $a% at
(#1.25 which is not present in $b%. The only energy range
which is not covered by the data in Fig. 8a as compared to 8b

is 9!W!10 GeV. Therefore, we assume that this peak is
due to statistical uncertainties within the experiment $c.f.

also our discussion in Sec. III B 2%. Comparing the model
results to the data we note that agreement within the statis-

tical errors is obtained for ("2. Disregarding the above
mentioned peak, at lower pseudorapidities we underestimate

the measured distributions slightly. Furthermore the com-

parison suggests that both, the measured and calculated dis-

tributions, agree in normalization $i.e. in the average multi-
plicity of shower particles% but the maximum of the

calculated distribution appears at somewhat higher pseudo-

rapidities than the measured one. In order to understand this

discrepancy we compare in Fig. 8a in addition results for

pion-emulsion interactions at 60 GeV to data !49". This en-
ergy corresponds to the average photon laboratory energy of

the distribution for the muon projectile in this figure. The

cuts on both data sample are similar: only events with at least

three heavy particles are considered and shower particles are

defined by their Lorentz-) value as )"0.7. Our results for
*$-emulsion interactions agree in shape and in position of

the maximum to the data. Therefore and with respect to con-

clusions from comparisons with data drawn further below we

attribute the discrepancy in the position of the maximum to

the statistical uncertainties of the experiment.

Turning again to muon-deuterium and muon-xenon inter-

actions at 490 GeV we compare in Figs. 9 and 10 rapidity

FIG. 9. Rapidity distributions of positive $a% and negative hadrons $b% from muon-deuterium interactions at 490 GeV are shown together
with data !48" for different ranges of the virtual photon-nucleon c.m. energy W .
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xenondeuterium

(Roesler, RE, Ranft, PRD57, 1998)

490 GeV muon beam



High energy region
(partons, perturbative QCD)



Partons and color flow configurations (i)

Partonic view:

di−quark

quark

Color flow:

qq
q

q

qq

gluon

One-gluon exchange: 
pomeron topology

Partonic view:

di−quark

quark

Color flow:

qq
q

gluon

qq

q

Initial and final state radiation:
no change of basic topology

Large Nc approximation



Partons and color flow configuations (ii)

Partonic view:

di−quark

quark

Color flow:

q

qq

qq

q

Two-gluon exchange: 
diffraction dissociation

DPMJET III: detailed color flow simulation for each event



QCD parton model: minijets

projectile

jet pair

target nucleus (air)

f(x ,Q )

f(x ,Q )2
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σQCD = ∑
i, j,k,l

1
1+δkl

Z
dx1 dx2

Z

pcutoff
⊥

d p2
⊥ fi(x1,Q2) f j(x2,Q2)

dσi, j→k,l

d p⊥



Direct interactions of photons

!

!

q

q

!

B
fq|B(x)

q

g

!

B
fg|B(x)

q

q

!

B
fg|B(x)

q

g
q

Gluon Compton scattering Boson-gluon fusion

Box diagram Anomalous contribution
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(i) Double resolved photon interactions, i.e. both photons fluctuate into hadronic
states which interact hadronically. Again, this contribution is subdivided into
soft and hard processes. The cross section for hard double-resolved photon in-
teractions σd−res,hard

γγ is given by Eq. (3.1) with the substitutions A ↔ γ and
B ↔ γ. The soft pomeron and reggeon exchange cross sections are parametrized
in analogy to (3.11).

(ii) Single resolved photon interactions, i.e. one of the photons fluctuates into a
hadronic state whereas the other photon interacts directly with the partonic
constituents of this fluctuation. Considering pointlike interactions of the first
photon, the single-resolved photon cross section σs−res,2

γγ is given by (3.12) with
the substitution B ↔ γ.

(iii) Direct interactions, i.e. both photons interact as gauge bosons directly (see Fig. 3.2).
Here, we will restrict ourselves to the pair production of quarks and τ leptons1.
The cross section is given by

σdir
γγ (s, pcutoff

⊥ ) =
∫

dt̂
∑

k

dσγ,γ→k,k̄(ŝ, t̂)

dt̂
Θ(p⊥ − pcutoff

⊥ ), (3.15)

where k denotes the quark flavor or the τ lepton.

a) b)

Figure 3.3: Photon-photon cross sections of double-resolved, single-resolved and direct
photon interactions: a) transverse momentum differential cross section at

√
s = 50

GeV, b) integrated cross sections with p⊥ ≥ 3 GeV/c. The calculation was done with
Phojet using the leading order Glück-Reya-Vogt (GRV) photon PDFs [90].

1τ leptons are included here since the τ decays with a branching ratio of about 15% into three or
more hadrons [89] giving an important background to the qq̄ process.

ISR parton shower does not
 always end at soft scale

LO, GRV parton densities



Problem: matching soft/hard contributions

hard

trans.
region

soft

p

dN

t

t

k 0

dp2

pt cutoff 

σsoft ~ s0.1

σhard ~ s0.3

10-2

10-1

100

101

1 1.5 2 2.5 3 3.5 4

E 
d3 σ

/d
p3  

 (m
b/

G
eV

2 )

pt (GeV)

charged particles, |η∗|<1

CDF data
pt

cutoff = 1.5 GeV
2.5 GeV
3.5 GeV

CDF inclusive charged
 particle distribution

• Topologies similar

• Matching of pt distribution of partons



Unitarization: eikonal-based model

σine =
Z

d2!b
(

1− exp
{
−σsoftAsoft(s,!b)−σQCDAhard(s,!b)

})
Classic eikonal formula

!b
〈n(!b)〉 = σQCD A(s,!b)

Overlap
 function

Independent interactions: Poisson distribution
(same result follows from AGK cutting rules) Pn =

〈n(!b)〉n

n!
exp

(
−〈n(!b)〉

)



AKG cutting rules
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= −i
1

2!

1

2s
(g0

AIP )2(g0
BIP )2

(
s

s0

)2αIP (0) ∫ d2k⊥

(2π)2
exp

{
2bABk2

⊥ +
1

2
bABq2

}
,

(3.26)

where the energy-dependent slope bAB is given by (3.20). The two-pomeron contribu-
tion to the total AB scattering cross section being proportional to the imaginary part
of the amplitude is negative. Furthermore, the two-pomeron cross section rises with
one power of s∆IP faster with the energy than the one-pomeron amplitude (3.4).

a) b) c)

B

A

Figure 3.4: Examples of the enhanced graphs: a) triple-pomeron graph (high-mass
intermediate state on photon side), b) triple-pomeron graph (high-mass intermediate
state on hadron side), c) loop pomeron graph (high-mass intermediate states on both
sides).

Qualitatively, the same results are obtained evaluating the the graphs involving the
second term of (3.23) with includes high-mass intermediate states (so called enhanced
graphs). These graphs are characterized by pomeron self-couplings as shown in Fig. 3.4.
The calculation of the corresponding amplitudes is straightforward. The results are
summarized below.

• Triple-pomeron (TP) graph (Fig. 3.4 a) and b), the formulae below refer to a)):

ATP(s, q2) = −is2
0

1

2!

1

2s
(g0

AIP )2g0
BIP g0

3IP

(
s

s0

)2αIP (0) ∫
dsB

(
s0

sB

)αIP (0)

×
∫ d2k⊥

(2π)2
exp

{
bSD
AB k2

⊥ + bTP
AB q2

}
, (3.27)

bSD
AB = b0

AIP + b0
3IP + 2α′

IP (0) ln
(

s

sB

)
, (3.28)

bTP
AB =

1

2

[
1

2
b0
AIP + b0

BIP +
3

2
b0
3IP + 2α′

IP (0) ln
(

s

s0

)
− α′

IP (0) ln
(

s

sB

)]

(3.29)

• Loop-pomeron (LP) graph (Fig. 3.4 c)):

ALP(s, q2) = −is2
0

1

2!

1

2s
g0

AIP g0
BIP (g0

3IP )2
(

s

s0

)2αIP (0) ∫
dsA

(
s0

sA

)αIP (0)

×
∫

dsB

(
s0

sB

)αIP (0) ∫ d2k⊥

(2π)2
exp

{
bDD
AB k2

⊥ + bLP
AB q2

}
, (3.30)

bDD
AB = 2b0

3IP + 2α′
IP (0) ln

(
ss0

sAsB

)
, (3.31)

Other graphs explicitly calculated in DPMJET III

(Abramovskii, Gribov, 
Kancheli 1974)

Weights:   (-1)                   (+4)                          (-2)            

Unitarity cut



Miracles of model building or physics ?

Unjustified approximations (known not to be satisfied)

- Eikonal and Glauber approximations: 
• known to follow from planar graphs

• recoil (momentum transfer) neglected
• inelastic intermediate states 

(off-diagonal terms)

- No correlations between partons
- Universality of string fragmentation (soft/hard)

a(n)(s,!B) =− i
2
(i)n 1

n!

n

∏
i=1

(
2a(1)(s,!B)

)



Comparison with collider data
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Photoproduction at HERA
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Direct photon interactions: no shadowing

The integrations over the r! j’s are performed by taking the
average of the integrand in Eqs. !16", !17" over a sufficiently
large number of nucleon coordinates sets sampled from the

density distribution #A .
At low energies the coherence length d may lead to a

suppression of shadowing which we take into account in the

calculation of the product over the A nucleons for a fixed

spatial nucleon configuration $Eqs. !16", !17"%. In the non-
shadowing limit, i.e., if d is smaller than any internucleon

distance, we obtain a sum over &(b! i) and, therefore,

'VA(A'VN .

As discussed initially, in direct photon interactions the

Glauber multiple scattering process is, per definition, com-

pletely suppressed since the photon couples directly to a par-

ton in a nucleon without leaving any remnant. In contrast,

the assumption that also in anomalous photon interactions

the Glauber cascade is reduced to one qq̄-nucleon scattering

can only be considered as an extreme case. In general, there

is a leading-twist soft contribution to hard processes which,

as discussed in $52%, might influence the shadowing behavior
even for large values of M 2. However, our assumption to

neglect all shadowing contributions in direct and anomalous

interactions is justified since we are interested in estimating

the maximum possible effect of the pointlike interactions on

the shadowing behavior at high energies. It is obvious how

the pointlike processes have to be taken into account in Eq.

!13": 'VN has to be replaced by (1!))'VN and A•'*!N

pl
is

added explicitly to Eq. !10", with

FIG. 4. The dependence of the total cross sections for interac-

tions of real photons with carbon, copper, and lead on the photon

energy !full lines" is compared to measurements $53–56%. The in-
fluence of the coherence length is indicated by dotted lines where

we show the cross sections as they would be obtained disregarding

the finite coherence length of the photon.

FIG. 5. Extrapolation of total cross sections for photoproduction

off carbon-, copper-, and lead-nuclei. !s is the photon-nucleon c.m.
energy. The pure GVDM prediction is shown by the dotted lines.

The cross sections taking the suppression of shadowing by pointlike

photon-nucleon interactions into consideration are given by solid

lines.

FIG. 6. Per-nucleon ratios of real photon-carbon !a", -copper
!b", and -lead !c" cross sections to photon-nucleon cross sections are
shown together with measurements $53–56%.
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GVDM prediction

DPMJET III: 

  no shadowing for point-like photons, 
  valid only for limited energy range

Treatment within dipole model: 
             Rogers, Strikman JPG 32 2006



Reconstruction of  Wγγ at LEP

Figure 5: The curve is σγγ = (2

3
Pγ

had
)2σnn, the predicted total cross section from Fit 2 for γγ reactions, in

nb, vs.
√

s, the c.m.s. energy, in GeV. The open squares and circles are the experimental total cross sections
for OPAL and L3, respectively, unfolded using the PYTHIA Monte Carlo. The solid squares and circles are
the experimental total cross sections for OPAL and L3, respectively, unfolded using the PHOJET Monte
Carlo.

Figure 6: The curve is σγγ = (2

3
Pγ

had
)2σnn, the predicted total cross section from Fit 2 for γγ reactions,

in nb, vs.
√

s, the c.m.s. energy, in GeV. The squares and circles are the total cross sections for OPAL and
L3, respectively, unfolded using PHOJET, after they have been renormalized by the factors NOPAL = 0.929
and NL3 = 0.929 found in Fit 2 of Table 1.

– 11 –

(Block & Kang, Int.J.Mod.Phys.A20, 2005) 
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Figure 1: Diagram of a photon-photon scattering process
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RHIC: nucleus-nucleus data

4

again result in triplet–antitriplet chains. Exam-
ples for the fusion of two chains are:
(i)A q1 − q̄2 plus a q3 − q̄4 chain

become a q1q3 − q̄2q̄4 chain.
(ii)A q1 − q2q3 plus a q4 − q̄2 chain

become a q1q4 − q3 chain.
Examples for the fusion of three chain are:
(iii)A q3 − q1q2, a q4 − q̄1 plus a q̄3 − q5 chain

become a q4 − q2q5 chain.
(iv)A q4 − q̄1, a q5 − q̄3 plus a q̄5 − q1 chain

become a q4 − q̄3 chain.
The expected results of these transformations

are a decrease of the number of chains. Even if
the fused chains have a higher energy than the
original chains, the result will be a decrease of
the hadron multiplicity Nhadrons. In reaction (i)
we observe new diquark and anti–diquark chain
ends. In the fragmentation of these chains we
expect baryon–antibaryon production anywhere
in the rapidity region of the collision. Therefore,
(i) helps to shift the antibaryon to baryon ratio
of the model into the direction as observed in the
RHIC experiments.
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Figure 3. Pseudorapidity distributions of charged
hadrons in Au–Au collisions at

√
sNN= 130 GeV

for centralities 0–5 % up to 40–50 %. The points
(with rather small error bars ) are from the Dp-

mjet–III Monte Carlo with chain fusion as de-
scribed in the text. With two exceptions data
points are from the BRAHMS Collaboration [32].
The η=0.0 points displayed at η=0.25 are from
PHENIX [34] and the η=0.0 points displayed at
η=-0.25 are from PHOBOS [33].

4.1. d-Au collisions in Dpmjet-III

d-Au collisions are the first example where per-
colation with fusion of chains is found to be im-
portant. Pseudorapidity distribution of charged
hadrons produced in minimum bias

√
s = 200

GeV d–Au collisions were measured at RHIC by
the PHOBOS–Collaboration [35]. In Fig.4 we
compare the PHOBOS data to Dpmjet-III cal-
culations. Using Dpmjet-III without percolation
with fusion of chains we find the Dpmjet distri-
bution above the experimental data outside the
systematic errors. Using Dpmjet-III with fusion
of chains we find the Dpmjet distribution within
the systematic errors.
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Figure 4. Pseudorapidity distribution of charged
hadrons produced in minimum bias

√
s = 200

GeV d–Au collisions. The results of Dpmjet

with percolation with fusion of chains are com-
pared to experimental data from the PHOBOS–
Collaboration [35]. We give at some pseudorapid-
ity values the systematic errors as estimated by
the experimental collaboration.

Several RHIC experiments (see for instance
[36]) find in d-Au collisions at large p⊥ a nearly
perfect collision scaling for π0 production. (Colli-
sion scaling means RAA ≈ 1.0. ) The RAA ratios

PHOBOS data: 
d-Au @ 200 GeV cms

4

again result in triplet–antitriplet chains. Exam-
ples for the fusion of two chains are:
(i)A q1 − q̄2 plus a q3 − q̄4 chain

become a q1q3 − q̄2q̄4 chain.
(ii)A q1 − q2q3 plus a q4 − q̄2 chain

become a q1q4 − q3 chain.
Examples for the fusion of three chain are:
(iii)A q3 − q1q2, a q4 − q̄1 plus a q̄3 − q5 chain

become a q4 − q2q5 chain.
(iv)A q4 − q̄1, a q5 − q̄3 plus a q̄5 − q1 chain

become a q4 − q̄3 chain.
The expected results of these transformations

are a decrease of the number of chains. Even if
the fused chains have a higher energy than the
original chains, the result will be a decrease of
the hadron multiplicity Nhadrons. In reaction (i)
we observe new diquark and anti–diquark chain
ends. In the fragmentation of these chains we
expect baryon–antibaryon production anywhere
in the rapidity region of the collision. Therefore,
(i) helps to shift the antibaryon to baryon ratio
of the model into the direction as observed in the
RHIC experiments.
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Figure 3. Pseudorapidity distributions of charged
hadrons in Au–Au collisions at

√
sNN= 130 GeV

for centralities 0–5 % up to 40–50 %. The points
(with rather small error bars ) are from the Dp-

mjet–III Monte Carlo with chain fusion as de-
scribed in the text. With two exceptions data
points are from the BRAHMS Collaboration [32].
The η=0.0 points displayed at η=0.25 are from
PHENIX [34] and the η=0.0 points displayed at
η=-0.25 are from PHOBOS [33].

4.1. d-Au collisions in Dpmjet-III

d-Au collisions are the first example where per-
colation with fusion of chains is found to be im-
portant. Pseudorapidity distribution of charged
hadrons produced in minimum bias

√
s = 200

GeV d–Au collisions were measured at RHIC by
the PHOBOS–Collaboration [35]. In Fig.4 we
compare the PHOBOS data to Dpmjet-III cal-
culations. Using Dpmjet-III without percolation
with fusion of chains we find the Dpmjet distri-
bution above the experimental data outside the
systematic errors. Using Dpmjet-III with fusion
of chains we find the Dpmjet distribution within
the systematic errors.
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pared to experimental data from the PHOBOS–
Collaboration [35]. We give at some pseudorapid-
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Several RHIC experiments (see for instance
[36]) find in d-Au collisions at large p⊥ a nearly
perfect collision scaling for π0 production. (Colli-
sion scaling means RAA ≈ 1.0. ) The RAA ratios

Au-Au, data compilation 
(BRAHMS, PHENIX, PHOBOS)

DPMJET III with string fusion

(Ranft et al. hep-ph/0403084)



Summary

Available (real/quasi-real photons):

• Low-energy region several well-tested MC models 
(SOPHIA, PEANUT, RELDIS, FLUKA)

• Intermediate energy region: DPMJET III (minimum bias studies)

• High-energy region: DPMJET III (with many caveats)

• Various photon flux MCs

Missing so far:

• Heavy quark production (diffractive and non-diffractive)

• MC based on dipole model and k⊥ factorization

• Color transparency (cross section fluctuations + forward dijets)

• Rapidity gap (pomeron/diffraction) MC generator for nuclei



History of DPMJET
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DPMJET II.5

p-p collisions,
only gluon jets

h-A, A-A at intermediate
energy, no minijets

h-h, e/photon-h, e/
photon-e/photon;

color flow; 
ISR, FSRh-A, A-A at cosmic 

ray energies

h/A-h/A, photon-h/
A, photon-photon; 
point-like photon 

contribution

GVDM



History of DPMJET

DTUNUC

DTUJET

PHOJET

DPMJET II

DPMJET III

DTUNUC 2

(1991)

(1990)

RE & Ranft

(1995)

(1996)

(2000)

(1997)

DPMJET II.5

(2001)

Möhring & Ranft
Hahn & Ranft

Roesler & Ranft

RE, Roesler &
 Ranft

Ranft

Ranft

FLUKA


