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Modeling of hadronic interactions 
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Figure 5: An example of reconstructed event from the 2007 run. The red lines correspond to the fitted tracks, the yellow
(grey) points to the used (unused) TPC clusters.
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Figure 6: Invariant mass distribution of reconstructed K0
S

candidates. Mean value of the peak is indicated. MC dis-
tribution (dashed histogram) is normalized to the data right
tail.

(iii) matching of track segments from di�erent TPCs
into global tracks,

(iv) track fitting through the magnetic field and deter-
mination of track parameters at the first measured
TPC cluster,
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Figure 7: Track reconstruction e�ciency for negatively
charged particles as a function of momentum in the polar
angle interval [100,140] mrad.

(v) determination of the interaction vertex as the in-
tersection point of the incoming beam particle with
the middle target plane,

(vi) refitting the particle trajectory using the interaction
vertex as an additional point and determining the
particle momentum at the interaction vertex and

Beam: p (31 GeV)

Secondary particles

Vertex TPCs

Main TPCs

Time-of-flight walls

NA61 experiment in CERN SPS beam

Typical particle multiplicities:  5 to 15 secondaries
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Definition

Interaction rate
Flux of particles 
on single target

Beam
Target

(Units: 1 barn = 10-28 m2 
          1 mb = 10-27 cm2)s =

1
F

dNint

dt
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F =
dNbeam

dAd t
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Inclusive cross section: count number of particles of certain type in final state

Total cross section: count number of interaction types (elastic, inelastic)
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Definition

Interaction rate
Flux of particles 
on single target � =

dNbeam

dA dt

⇥ =
1
�

dNint

dt

Beam
Target

(Units: 1 barn = 10-28 m2 
          1 mb = 10-27 cm2)

dNint

dt dV
=

dNint

dl dtdA
=�rtarget

dF
dX

dNint

dtdV
=

rtarget

hmtargeti
s F dF

dX
=� s

hmtargeti
F

dX = rtarget dl

A.3 Particle flux, density, and interaction cross section 399

If one wants to continue using the traversed depth dX, which depends on
the total mass density, the absorption length has to be calculated using

xmtargy “ 1∞
j nj

ÿ

j

nj mj and �abs “ 1∞
j nj

ÿ

j

nj �abs,j , (A.12)

with nj being the number density of target type j. For example, for the
composition of air given in Appendix A.7, one obtains

xmairy « 14.51 mp “ 24160 mb g cm´2, (A.13)

with mp being the proton mass.

A.3.3 Production rate of secondaries

Another application of Eq. 4.4 is the calculation of the number of secondary
particles produced by a beam of particles in a target volume. Eq. A.7 reads
for the cross section of producing secondary particles j

dNj

dt dV
“ �a,bÑj

⇢b

mb
�a. (A.14)

Considering an isotropic flux of particles of di↵erent energies, as often en-
countered in astrophysical applications,

�pEaq “ 1

4⇡

dNa

dEa dA dt
, (A.15)

Eq. A.14 changes to

dNj

dEj dt dV
“ 4⇡

⇢b

mb

ª
d�jpEaq

dEj
�pEaq dEa. (A.16)

With the particle density

napEaq “ dNa

dEa dt dA
“ 4⇡

�ac
�pEaq (A.17)

this expression can be written in a form suitable for describing secondary
particle production in calculations of cosmic ray propagation

dNj

dEj dt dV
“ ⇢b

mb

ª
d�j

dEj
�a c napEaq dEa, (A.18)

where we have used �a to express the velocity of the beam particles ~va “ ~�a c.
The analogous expression for the symmetric case of two particle fluxes
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A.7 Earth’s atmosphere

In the altitude range important for the production of secondary cosmic rays
and shower detection the molecular composition of air is 78.1% N2, 20.9%
O2, and 0.93% Ar by volume. In Tables A.1, A.2 some characteristic param-
eters are given for the US standard atmosphere [201], measured relative to
sea level.

Table A.1 Atmospheric parameters of relevance to particle interactions
and cascading.

altitude vertical depth local density Molière
(km) (g/cm2) (10´3 g/cm3) unit (m)

40 3 3.8 ˆ 10´3 2.4 ˆ 104

30 11.8 1.8 ˆ 10´2 5.1 ˆ 103

20 55.8 8.8 ˆ 10´2 1.0 ˆ 103

15 123 0.19 478
10 269 0.42 223
5 550 0.74 126
3 715 0.91 102

1.5 862 1.06 88
0.5 974 1.17 79
0 1032 1.23 76

Table A.2 Atmospheric parameters of relevance to Cherenkov light
production by electrons.

altitude vertical depth Cherenkov Cherenkov
(km) (g/cm2) threshold (MeV) angle (˝)

40 3 386 0.076
30 11.8 176 0.17
20 55.8 80 0.36
15 123 54 0.54
10 269 37 0.79
5 550 28 1.05
3 715 25 1.17

1.5 862 23 1.26
0.5 974 22 1.33
0 1032 21 1.36
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The Earth’s atmosphere in numbers

130 Cascade equations

The equation for kaons has the same form. The decay length is obtained
from Eq. 5.3.

5.7 The atmosphere

The relation between altitude and depth is shown in Figure 5.1. X is the
slant depth along the trajectory of a high energy particle entering the atmo-
sphere with zenith angle ✓ as seen from the ground. The cascade of particles
develops along the direction of the vector ~X, and ✓˚ is the local zenith angle
at a point along the trajectory at altitude h. In general, ✓˚ † ✓ because of
the curvature of the Earth. For angles not too large (✓ † 65˝), the flat Earth
approximation can be used, and the distance to the point at h is ` “ h{ cos ✓.

In general, the relation between vertical altitude phq and distance up the
trajectory p`q is (for `{R‘ ! 1q

h – ` cos ✓ ` 1

2

`2

R‘
sin2 ✓, (5.53)

where R‘ is the radius of the Earth. The corresponding slant depth is

X “
ª 8

`
⇢

„
h “ ` cos ✓ ` 1

2

`2

R‘
sin2 ✓

⇢
d`. (5.54)

The pressure at vertical depth Xv in the atmosphere is P “ gXv, where
g is the gravitational constant. The density is ⇢ “ ´dXv{dh. Thus

gXv

´dXv{dh
“ P

⇢
“ RT

M
, (5.55)

where the last step follows from the ideal gas law. For dry air with 78.09%
nitrogen, 20.95% oxygen and 0.93% argon, M “ 0.028964 kg/mol. Rewriting
Eq. 5.55 as

d lnpXvq
dh

“ ´Mg

RT
(5.56)

leads to an exponential solution for an isothermal atmosphere

Xv “ X0e
´h{h0 , (5.57)

with a scale height

h0 “ RT

Mg
“ 29.62 m{K ˆ T. (5.58)

For example, for a typical temperature in the lower stratosphere of 220 K,
the scale height is « 6.5 km. At sea level the total vertical atmospheric depth
is X0 – 1030 g/cm2.

5.8 Meson fluxes 131

In reality the temperature and hence the scale height decrease with in-
creasing altitude until the tropopause (12-16 km). At sea level h0 – 8.4 km,
and for 40 † Xv † 200 g{cm2, where production of secondary particles
peaks, h0 – 6.4 km. A useful parametrization5 of the relation between
altitude and vertical depth (due to M. Shibata) is

hvpkmq “

$
&

%

47.05 ´ 6.9 ln Xv ` 0.299 ln2 Xv

10 , Xv † 25 g{cm2

45.5 ´ 6.34 ln Xv, 25 † Xv † 230 g{cm2

44.34 ´ 11.861pXvq0.19, Xv ° 230 g{cm2.
(5.59)

The density and atmospheric depth is tabulated as function of height for
the US standard atmosphere [201] in Appendix A.7.

For ✓ § 65˝ the second term in Eq. 5.53 can be neglected, and Eq. 5.54
can be evaluated to obtain

⇢ “ ´dXv

dh
“ Xv

h0
– X cos ✓

h0
, (5.60)

with h0 evaluated at the appropriate atmospheric depth. Then from Eq. 5.3,

1

d⇡
“ m⇡c2h0

E c ⌧⇡ X cos ✓
“ m⇡c2

E X cos ✓

1

c ⌧⇡

RT

Mg
” ✏⇡

E X cos ✓
. (5.61)

Decay or interaction dominates depending on whether 1{d⇡ or 1{�⇡ is
larger in Eq. 5.52. This in turn depends on the relative size of ✏⇡{ cos ✓
and E (assuming X « �⇡), and similarly for other particles. Since most
particle interactions occur in the first few interaction lengths, we summarize
the decay constants for various particles using the high altitude value of
h0 – 6.4 km in Table 5.3.

5.8 Meson fluxes

In the limit that E " ✏⇡, decay can be neglected. Then the scaling limit
solution of Eq. 5.52, subject to the boundary condition ⇧pE, 0q “ 0, is

⇧pE, Xq “ NpE, 0q ZN⇡

1 ´ ZNN

⇤⇡

⇤⇡ ´ ⇤N

´
e´X{⇤⇡ ´ e´X{⇤N

¯
. (5.62)

5 Warning: when a parametrization like this is used in a Monte Carlo simulation, care must be
taken to avoid the program getting hung up (due to round-o↵ errors) when converting back
and forth between h and X in the vicinity of one of the boundaries in Eq. 5.59. Such
conversion between altitude and depth is necessary in an atmosphere of varying density
because decay lengths are in terms of distance and interaction lengths in terms of column
density.
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3.3 Quark model of hadrons and hadron masses 47

Table 3.3 Properties and decay channels of selected baryons. The same
properties apply to antiparticles correspondingly. Baryons with

non-vanishing isospin belong to multiplets with similar properties for each
member, for example, �`` „ puuuq, �` „ puudq, �0 „ puddq, and

�´ „ pdddq. For hadronically decaying resonances the total width � “ 1{⌧
is given instead of the mean lifetime ⌧ .

Particle Constituent Mass Mean life Decay channels branching
quarks (MeV) (c⌧) ratio (%)

p uud 938.3 8 ´ ´
n udd 939.6 2.64 ˆ 108 km p e´ ⌫e 100

N`p1444q uud 1440 « 300 MeV p ⇡0

n ⇡`

p ⇡` ⇡´

n ⇡` ⇡0

p � 0.35 ´ 0.48

�`p1230q uud 1232 117MeV p ⇡0 66.7
n ⇡` 33.3

⇤0 uds 1115.7 7.89 cm p ⇡´ 63.9
n ⇡` 35.8

p e´ ⌫e 8.3 ˆ 10´2

p µ´ ⌫µ 16.3 ˆ 10´2

⌃` uus 1189.4 2.40 cm p ⇡0 51.6
n ⇡` 48.3

⌅´ dss 1321.7 4.91 cm ⇤ ⇡´ 99.9

⌦´ sss 1672.5 2.46 cm ⇤ K´ 67.8
⌅0 ⇡´ 23.6
⌅´ ⇡0 8.6

⇤`
c udc 2286 59.9 µm ⇤{p{n . . . 73

⇤ e` ⌫e 2.1
⇤ µ` ⌫µ 2.0

produced in the color field of the bound hadron. Although sea quarks are
important constituents of hadrons, they do not contribute to the overall
quantum numbers of the bound state, except for a contribution to the over-
all spin of the hadron due to their orbital momenta.
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46 Particle physics

Table 3.2 Properties and decay channels of selected mesons. Inclusive
decay channels involving several particle final states are indicated by . . . in

the table.

Particle Constituent Mass Mean life Decay channels branching
quarks (MeV) (c⌧) ratio (%)

⇡` ud 139.6 7.80 m µ` ⌫µ 99.99
µ` ⌫µ � 2.0 ˆ 10´2

e` ⌫e 1.2 ˆ 10´2

⇡0 1?
2

`
dd ´ uu

˘
135.0 25.5 nm � � 98.8

e` e´ � 1.17

K` us 493.7 3.71 m µ` ⌫µ 63.6
⇡` ⇡0 20.7

⇡` ⇡´ ⇡` 5.59
⇡0 e` ⌫e 5.07
⇡0 µ` ⌫µ 3.35
⇡` ⇡0 ⇡0 1.76

K0 ds 497.6 ´ ´ ´

K0
L

1?
2

`
ds ´ sd

˘
497.6 15.34 m ⇡˘ e¯ ⌫e 40.5

⇡˘ µ¯ ⌫µ 27.0
⇡0 ⇡0 ⇡0 19.5
⇡` ⇡´ ⇡0 12.5

⇡` ⇡´ 0.19

K0
S

1?
2

`
ds ` sd

˘
497.6 2.68 cm ⇡` ⇡´ 69.2

⇡0 ⇡0 30.7
⇡` ⇡´ � 0.18

�p1020q « ss 1019 4.26 MeV K` K´ 48.9
K0

L K0
S 34.2

D` cd 1870 312 µm K0{K0
. . . 61

µ` ⌫µ . . . 17.6
e` ⌫e . . . 16.1

D0 cu 1865 123 µm K´{K0{K0
. . . 100

µ` . . . 6.7
e` . . . 6.5

carried by valence quarks. The rest of the momentum is carried by gluons
and so-called sea quarks, which are short-lived fluctuations of q ´ q pairs
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Some useful relations (units)

Appendix

A.1 Units, constants, and definitions

The physical and astrophysical constants are taken from the PDG review
2014 [10].

‚ Speed of light: c “ 2.9979 ˆ 1010 cm s´1

‚ Gravitational constant: G “ 6.6738 ˆ 10´8 cm3 g´1 s´2

‚ Planck constant: h “ 6.626 ˆ 10´27 erg s “ 4.136 ˆ 10´15 eV s,
h̄ “ h{p2⇡q “ 1.0546 ˆ 10´27 erg s

‚ Boltzmann constant: kB “ 8.6173ˆ10´5 eV K´1 “ 1.3806ˆ10´16 erg K´1

‚ Avogadro constant: NA “ 6.0221ˆ1023. By definition, NA atoms of carbon
12C have a mass of 12 g. Therefore, the mean mass of a nucleon can be
written as mN “ pmp ` mnq{2 « p1{NAq g “ 1.6605 ˆ 10´24 g.

‚ Energy units: 1 erg “ 10´7 J, 1 eV “ 1.6022 ˆ 10´12 erg,
1 cm´1 “ 0.000123986 eV, 1 fm “ 5.06773 GeV´1

‚ A photon of E� “ 1 keV has a frequency of ⌫ “ 2.4 ˆ 1017 Hz. This
statement is based on E� “ h⌫. Direct conversion of units using h̄ “
h{p2⇡q “ 6.582 ˆ 10´22 MeV s would give a result that di↵ers by 2⇡.

‚ Distances: 1 pc “ 3.0857 ˆ 1018 cm, 1 AU “ 1.496 ˆ 1013 cm

‚ Cross sections: 1 mb “ 10´27 cm2, p1 fmq2 “ 10 mb,
p1 GeVq´2 “ 0.389365 mb

‚ Thomson cross section: �T “ 8⇡r2
e{3 “ 665.25 mb “ 6.652 ˆ 10´25 cm2,

where re is the classical electron radius re “ e2{pmec2q “ 2.818ˆ10´13 cm

‚ Solar mass and luminosity: Md “ 1.9885ˆ1033 g, Ld “ 3.828ˆ1033 erg s´1

‚ Flux density used in radio astronomy (Jansky): 1 Jy “ 10´26W m´2 Hz´1 “
10´23 erg s´1 cm´2 Hz´1

‚ Magnetic field strength: 1 G “ 10´4 T
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1. Low energy interactions: 
resonance formation,  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(Gaisser, Engel, Resconi 2016)

LHC results



4 0 . Plots of cross sections and related quantities 11
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amplitudes. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/xsect/contents.html. (Courtesy of the
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Compilation of total cross sections

Particle Data Group
 (COMPETE Collab.
  PRD65, 2002)

 12
CMS energy (GeV)

Similar behaviour 
for different 
projectile/target 
combinationsTo

ta
l c

ro
ss

 s
ec

tio
n 

(m
b)

 1                  10                   102                  103                   104

102

10

1

10-1

10-2

10-3

10-4

Suppression factor ~1/300



1. Low energy region
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Hadronic interaction of photons
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Photoproduction of resonances
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proton (0.938 GeV)

photon

Δ+ resonance (1.232 GeV)
proton, neutron

π0, π+

CMB: Energy threshold not sharp

Decay branching ratio proton:neutron = 2:1 

Mean proton energy loss 20% 

Decay isotropic up to spin effects

In proton rest frame:

E�,lab � 300 MeV

Ep,� =
m2

��m2
p

2E⇥,max(1� cos⇤)
⇥ 1020eV

E�,max ⇥ 10�3eV



Well-established resonances in photoproduction
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 parametersbγ ,bc andbiso, 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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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
∑
cbc = 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

dcosχ∗ ∝
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



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 = m� +mp � 1.07 GeV

(Δ+ resonance: 1.232 GeV)

time



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



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

Vi = ρ, ω, ϕ, ...

|�� = |�bare�+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



Putting all together: description of total cross section
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SOPHIA



Comparison with measured partial cross sections
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SOPHIA  (Mücke et al. CPC124, 2000)

Data from fixed-target experiments



Comparison with measured partial cross sections
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Resonance region

Continuum region 
(multiparticle production)



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

New particles: 
pions, kaons, ...

Photoproduction

Photodissociation



Effective em. dissociation cross section
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RELDIS
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Energy considerations for nuclei
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Energy of nucleus needed for formation of giant dipole resonance in CMB

s = (p� + pA)2

= p2
� + p2

A +2(p� · pA)

= (Amp)2 +2AmpE�

Nucleus at rest

13 MeV

Nucleus with EA in CMB field

s = (Amp)2 +2ECMB
� EA(1� cos⇥)

Iron:      EA ~ 3 1020 eV 
Helium:  EA ~ 2 1019 eV

Light nuclei disintegrate very fast while traveling through CMB

EA � A
mpEg

(1� cosq)ECMB
g

<latexit sha1_base64="Vnh5GXE3AZpWZm/hm7ctVC7Y4NQ="></latexit><latexit sha1_base64="Vnh5GXE3AZpWZm/hm7ctVC7Y4NQ="></latexit><latexit sha1_base64="Vnh5GXE3AZpWZm/hm7ctVC7Y4NQ="></latexit><latexit sha1_base64="Vnh5GXE3AZpWZm/hm7ctVC7Y4NQ="></latexit>

Photo-disintegration for energies



Radiation fields as possible target

CMB: Penzias & Wilson (1965)

400 ph/cm3

IR

γ-rays

visible

x-rays

URB

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

⌅E�⇧ ⇤ 6.3⇥10�4 eV
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Small interaction 
probability compensated 
by large density



Comparison of energy loss lengths
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Parametrization of cross sections
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Example: resonances in hadron-hadron interactions
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Fig. lc. Inelastic reaction channei cross sections and total inelastic cross seclion
react ion p + p.  For  an explanat ion of  the symbols,  see Fig.  la  capt ion.
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A

used in the hadronic evenr senerarion:

I r- 
----

j ' r6r ,v . .

3

-
=
a

O=

kr wk

N + z '

l /  
' (  

I  236)

l / + p

p * r o
. +

n + T '

l / '++(1236)  +  z ' -
N ' * (1236)  +  7 'o
N 'o(1236)  +  7 ' *

p + p 0
n + p

0 .38
0 .  l 7

0 .125
0.083
0.042

0 . r 3
0.07

Note that again resonances are contained in some of
the channels.  The step of sampi ing rhe resonance
decay is repeated, if there are resonances among the

decay products of the first resonances, until all decay
products are stable hadrons. In our model the
resonances decay isotropically in rheir resr frame.

4. Lorentz transformation of the momenra and
energies of all particles produced inro the targer
nucleon rest frame. The events generated in this way
conserve energy, momentum, charge, baryon number,
and strangeness exactly. This feature is obtained
because of the conservarion of these quanriries in each
reacl ion channel and in each decav steo and decav
e i ranne l ,  e .g . ,

7 r - + p - p - + p - T 0 * r - * p
l
1 0
+ 7 r " + 7 1

(Hänßgen, Ranft, Comp. Phys. Commun. 39, 1984)
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2. Intermediate energy region
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Expectations from uncertainty relation

 32

~b

Assumptions: 
• hadrons built up of partons 
• partons deflected/liberated in collision process, small momentum 
• partons fragment into hadrons (pions, kaons,...) after interaction 
• interaction viewed in c.m. system (other systems equally possible)

Dx Dpx ' 1

Heisenberg uncertainty relation

R ⇡ 1fm ⇡ 5GeV�1

hp?i ⇠ Dp? ⇠ 1
R
⇡ 200MeVhpki ⇠ Dpk ⇡

1
R0 ⇡

1
5

Ep

Longitudinal momenta of secondaries Transverse momenta of secondaries

G = Ep/mp
<latexit sha1_base64="UcHmRhdwYZQBuR34zz9SArOraKQ="></latexit><latexit sha1_base64="UcHmRhdwYZQBuR34zz9SArOraKQ="></latexit><latexit sha1_base64="UcHmRhdwYZQBuR34zz9SArOraKQ="></latexit><latexit sha1_base64="UcHmRhdwYZQBuR34zz9SArOraKQ="></latexit>R0 = R/G = R

mp

Ep
<latexit sha1_base64="RcCnXgxgvZrkZPu4lI75g2wPQ0A="></latexit><latexit sha1_base64="RcCnXgxgvZrkZPu4lI75g2wPQ0A="></latexit><latexit sha1_base64="RcCnXgxgvZrkZPu4lI75g2wPQ0A="></latexit><latexit sha1_base64="RcCnXgxgvZrkZPu4lI75g2wPQ0A="></latexit>



QCD-inspired interpretation: color flow model

One-gluon exchange:  
two color fields (strings) 
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Partonic view:

di−quark

quark

Color flow:

qq
q

q

qq

gluon

g g

g

g g

g

Partonic view:

di−quark

quark

Color flow:

qq
q

q

qq

gluon
u u

g

u u

g

’t Hooft: large-Nc limit of QCD

(Note: small momentum transfer,  
no asymptotic freedom of partons)



Comparison to e+e– annihilation into quarks

time
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color field

String fragmentation

e+

e-

Annihilation at high energy

Quarks together are  
color-neutral system

u

u

d
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ud
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uud
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.........
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Confinement in QCD
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r
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Kinematic distribution of secondary particles
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Ansatz 
• Lorentz-invariant under transformations along string direction 
• Transverse momenta result of vacuum fluctuations

dN = f (p) d(p2 �m2) d4 p

Lorentz invariant function

= f (p)
d3 p
2E

p = (E,~p)

=
1
2

f (p) d2 p?
dpk
E

Separation of long. and transverse 
degrees of freedom

=
1
2

f?(p?) d2 p? fk(y) dy

dpk
E

= dy

⇠ exp(�bp2
?) d2 p? fk(y) dy

b�1 . . . effective temperature

New variable



Rapidity and pseudorapidity
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Rapidity

Rapidity of massless particles

y =
1
2

ln
1+ cos�
1� cos�

=� ln tan
�
2

Experiments without particle  
identification: pseudorapidity

� =� ln tan
⇥
2

dpk
E

= dy

q
Polar angle relative to beam axis

m? =
q

m2 + p2
?Transverse mass

y =
1
2

ln
E + pk
E � pk

= ln
E + pk

m?

dN = f (p) d(p2 �m2) d4 p

= f (p)
d3 p
2E

=
1
2

f (p) d2 p?
dpk
E

=
1
2

f?(p?) d2 p? fk(y) dy



Pseudorapidity and polar angle
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Rapidity of massless particles

y =
1
2

ln
1+ cos�
1� cos�

=� ln tan
�
2

Experiments without particle  
identification: pseudorapidity

� =� ln tan
⇥
2

q
Polar angle relative to beam axis

η deg. mrad.

3 5.7 99

5 0.77 13

8 0.04 0.7

10 0,005 0.09

Relevance of Collider Experiments

central

forward

Central (|⌘| < 1)

Endcap (1 < |⌘| < 3.5)

Forward (3 < |⌘| < 5), HF

CASTOR+T2 (5 < |⌘| < 6.6)

FSC (6.6 < |⌘| < 8)

ZDC (|⌘| > 8), LHCf

How relevant are specific
detectors at LHC for air
showers?

! Simulate parts of shower
individually.

ralf.ulrich@kit.edu UHECR and their interactions 17



String fragmentation and rapidity
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time

dN
dy

rapidity y

udduussdud

qq

qqqq

uud

udd

.........

uu

Lorentz invariance of splittings in strings: 

Transformation of rapidity

y0 = y+ const.

fk(y0) = fk(y) = r

Particle density 
independent of rapidity

Total width energy-dependent

ymax � ymin ⇠ log(s/m2)



Final state particles: two-string model

Rapidity  y 

dN/dy
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Partonic view:

di−quark

quark

Color flow:

qq
q

q

qq

gluon

Lab. 
system

CM 
system



Final state particles: two-string model

Rapidity  y 

dN/dy
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Partonic view:

di−quark

quark

Color flow:

qq
q

q

qq

gluon

Lab. 
system

CM 
system



Color flow and final state particles (ii)

Initial and final state radiation 
does not change topology
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Partonic view:

di−quark

quark

Color flow:

qq
q

gluon

qq

q

Rapidity  y 

dN/dy



Other predicted color flow configurations

Partonic view:

di−quark

quark

Color flow:

q

qq

qq

q

Two-gluon exchange:  
diffraction dissociation

 42
Rapidity y

dN/dy

rapidity gap

At very high energy (multi-gluon exchange):  
Almost 50% of all events are elastic or inelastic diffractive scattering



Momentum fractions of string ends
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fq|nuc(x)⇥
(1� x)3

(x2 +µ2)
1
4

fq|nuc(x)⇥
(1� x)

3
2

⌅
x

fq|mes(x)⇥
1�

x(1� x)

Asymmetric momentum sharing of valence quarks: most energy given to di-quark

Quark in nucleon 
(example: SIBYLL)

Many other parametrizations work well in describing data (example: DPMJET, FLUKA)

Sea quark momentum fractions

fqsea(x)�
1
x

fqsea(x)�
1⇥
x

or



Particle production spectra (i)
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Whitmore
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405 GeV  x100

Fluctuations: generation of sea quark anti-quark 
pair and leading/excited hadron

Leading particle effect: 

approx. 40–50% of energy 
of primary particle given 
to leading particle

Beam momentum fraction

proton
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Particle production spectra (ii)

Central particle 
production

 45Beam momentum fraction

proton

Fluctuations: generation of sea quark anti-quark 
pair and leading/excited hadron
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Feynman-x  xF

Kinematic variables: Feynman xF
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 0

 0.5

 1

 1.5

 2

 2.5

-5 -4 -3 -2 -1  0  1  2  3  4  5

dN
/d

y

Pseudorapidity / Rapidity

Rapidity
Pseudorapidity

Example: 100 GeV p-p collisions,  
              charged secondaries

 0

 0.5

 1

 1.5

 2

 2.5

-5 -4 -3 -2 -1  0  1  2  3  4  5

dN
/d
η

Pseudorapidity  η

|xF | > 0.6

|xF | > 0.1

|xF | < 0.1 xF =
p⇥

pmax
�

2p⇥⇤
s

Transverse momentum ~350 MeV: 

small |xF| corresponds to small 
pseudorapidity (large angles)



Feynman scaling

 47

Feynman (1972) 

Implication: distribution at high-energy  
                  approximately independent of energy

dN
dx
� f̃ (x) x = E/Eprim

2E
dN
d3 p

! dN
dxF d2 p?

! f (xF , p?)
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Figure 1: Feynman scaling of inclusive particle spectra in SIBYLL 2.3 RC3 in proton-air interactions.

This expression allows for observation of Feynman scaling in projectile fragmentation region.
Figure 1, where particle production spectra are generated with SIBYLL 2.3 RC3, shows that pion
and kaon spectra obey Feynman scaling at mid xF , i.e. a universal form of the forward spectrum.
In the central region xF < 0.1, the increasing number of multiple parton interactions enhances
pair-production and violates scaling, as expected. At forward large xF scaling is violated for most
particles in SIBYLL 2.3 RC3 since they are associated with the fragmentation of the projectile
remnant. Proton spectra do not perfectly scale, since they can undergo additional processes, like
diffraction, as a part of the projectile.

In typical semi-analytical solutions of the atmospheric lepton problem [1, 2], the scaling argu-
ment is used to derive energy independent couplings factors, the spectrum weighted moments or Z-
factors. This approach works for power-law cosmic ray spectra in the case where the solutions fac-
torize Fl(El,X) = Al(X)E�g

l
and the interaction length is independent of energy lint,l(El)⇡ lint,l .

The definition follows from Eq. (1.2) and the RHS of Eq. (1.1)

Al(X)
Z •

E

dEl E
�g
l

cl(El)!h(E)

lint,l(El)
=

Al(X)

lint,l

Z •

E

dEl E
�g+1
l

dNh(El)

dE

=
Al(X)

lint,l

Z 1

0
dxL x

�g+1
L

dNh

dxL

=
Al(X)

lint,l
Zlh.

(1.3)

A more general approach, the energy dependent Z-factor, using piecewise power-law primary spec-
tra has been introduced in [3]. If scaling holds in the phase-space region relevant for inclusive lep-
ton fluxes, one expects constant spectrum-weighted moments a constant power-law index. Figure 2
shows the moments for a fixed cosmic ray spectral index g = 2.7. While Zpp is approximately con-
stant, the larger correlation of kaons due to associated production with the strange forward baryons
baryons, results in slightly growing Z-factors. Generally, the new version of SIBYLL obeys better
scaling behaviour than the old SIBYLL 2.1. For our calculations the interaction coefficients are
calculated directly using an interface to various Monte Carlo interaction models.

Particle decays are Lorentz-invariant. The interaction coefficients can therefore be directly

3

(Riehn et al. ICRC 2015)



NA22 European Hybrid Spectrometer data
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Secondary particle multiplicities
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Secondary particle multiplicities
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Power-law increase of number  
of secondary particles

nch � s0.1

Leading particles



Interaction of hadrons with nuclei

b
projectile

sinel =
Z

d2~b

"
1�

A

’
k=1

⇣
1�sNN

tot TN(~b�~sk)
⌘#
⇡

Z
d2~b

h
1� exp

n
�sNN

tot TA(~b)
oi

Glauber approximation:

sprod ⇡
Z

d2~b
h
1� exp

n
�sNN

ine TA(~b)
oi

 51

Coherent superposition of 
elementary nucleon-
nucleon interactions

sk



Example: proton-carbon cross section
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String configuration for nucleus as target

 53

Proton

Nucleus

Spectator nucleons: remnant nucleus

New quark pair with  
momentum fraction 
1/x or 1/sqrt(x)



SIBYLL: central & leading particle production

 54

there is an overproduction of !!’s compared to data,
especially in the forward region.

Pseudorapidity (") distributions of charged particles
from collider experiments are compared with SIBYLL in
Fig. 7. It shows the " distribution of charged particles from
p- !p collisions at Ec:m: ¼ 1800 GeV (CDF [44]), 630 GeV
(P238 [45]), 200 GeV (UA5 [46]) and 53 GeV (UA5 [47]).
The improvements made to version 2.1 most prominently
show in the central region. The role of the minijets and soft
interactions is visible in the central region, where version
1.7 lacks secondary particles especially as the energy in-
creases, while having more particles in the peripheral

region. This trait can be seen at low energies in the pp !
!þ;!! figures in Fig. 6. Version 2.1 gives an excellent
description of P238 data and tends to slightly overestimate
the particles at low energies. It should be noted that the "
range and trigger condition for 53 GeV is different than for
higher energies at UA5. The two versions are similar for
events with large j"j beyond the scope of current collider
detector measurements.
The distributions of charged particle multiplicity at UA5

[48] also give information at higher energies. Figure 8
shows the distribution of charged particle multiplicity for
p- !p collision at Ec:m: ¼ 900 GeV, at three different "
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FIG. 5 (color online). The Feynman x(xF) and rapidity (y) distribution of pions plotted against NA49 result of p-p [41] and p-C [42]
collision at Elab¼ 158 GeV. Version 2.1 (1.7) results are shown in red solid (blue dotted) lines. The left (right) panels show the
production of !þ (!!). The upper panels show the xF distribution, where the p-C collision results are multiplied by factor 10 in order
to show both interactions on the same plot. The lower panels show the ydistribution: the upper (lower) set of lines and data points are
from the p-C (p-p) collision.

AHN et al. PHYSICAL REVIEW D 80, 094003 (2009)

094003-8

NA49 p-p and 
p-C at 158 GeV

SIBYLLSIBYLL

(Ahn et al., PRD80 (2009) 094003)

Proton-proton and 
proton-nucleus 
distributions very similar



SIBYLL: central & leading particle production
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NA49 p-p and 
p-C at 158 GeV

(Riehn et al. ICRC 2017)

Leading particle effect 
less pronounced due to 
additional interactions 
with nucleons in target 
nucleus

4.5 Hadronic interaction of photons 109

Figure 4.21 Comparison of secondary particle distributions of p-p and p-C
interactions at Elab “ 158 GeV (from [155]).

important for hadron-nucleus and nucleus-nucleus interactions. For exam-
ple, the central pseudorapidity density of secondary particles increases more
slowly than the expected linear scaling with the number of participating
nucleons (i.e. the number of binary nucleon-nucleon collisions) [178].

4.5 Hadronic interaction of photons

The interaction of photons with hadrons and nuclei at energies close to
the particle production threshold is a key process in many astrophysical
environments, in which accelerated hadrons propagate in a background field
of photons of the cosmic microwave background (CMB) or local sources.

Up to an energy of
?

s „ 2 ´ 3 GeV hadronic interactions of photons
can be described by a superposition of resonances formed in the absorp-
tion of the photon. The di↵erence to the isobar models introduced in Sec-
tion 4.3.1 is that photon absorption, as an electromagnetic process, does
not conserve isospin and a large number of di↵erent resonances can be pro-
duced.7 The most prominent resonance channels are � p Ñ �`p1232q and
� n Ñ �0p1232q with cross sections up to 412 and 452µb, respectively. Both
�` and �0 decay to ⇡0 ` p{n and ⇡˘ ` n{p with a branching ratio of 2:1.

7 Isospin is, of course, conserved in the hadronic decay of the resonances.



Leading particle effect and nuclei
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Basic features of multiparticle production

 57

• Leading particle effect 
- ~50% of energy carried by leading nucleon 
- incoming proton:    p:n ~ 2:1 (approximately) 

• Secondary particles 
- power-law increase of multiplicity 
- quark counting: ~ 33% π0, 66% π± 

- transverse momentum energy-independent 
- scaling of secondary particle distributions 
- baryons are pair-produced, delayed threshold 

• Total cross sections 
- no good microscopic model (Regge theory) 
- often parametrization of data used 
- Glauber model for nuclei 

• Diffraction (rapidity gaps) 
- elastic scattering & low-mass diffraction dissociation 
- large multiplicity fluctuations



Comparison of low/intermediate energy models
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DPMJET II & III 
(Ranft / Roesler, RE, Fedynitch, Ranft, Bopp) 

FLUKA 
(Ferrari, Sala, Ranft, Roesler) 

GHEISHA  
(Fesefeld) 

UrQMD 
(Bleicher et al.) 

SOPHIA 
(Mücke, RE, et al.) 

RELDIS  
(Pshenichnov)

• microscopic (universal) model 
• resonances for low energy hadron 

projectiles (HADRIN, NUCRIN) 
• two- and multi-string model  

• microscopic (universal) model 
• resonances (PEANUT), photodissociation 
• two-string model, DPMJET at high energy 

• parametrization of data (GEANT 3) 
• wide range of projectiles/targets 
• limited to Elab < 500 GeV 

• combination of microscopic model with 
data parametrization (no Glauber calc.) 

• optimized for interactions of nuclei 

• dedicated photon-nucleon model 
• resonances, two-strings, Elab < 500 GeV 

• dedicated photodissociation model for 
nuclei, wide range of nuclei



Example: Waxman-Bahcall neutrino limit (i)
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Maximum ``reasonable´´neutrino flux due to interaction of cosmic rays in sources

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

Proton flux at sources

Master equation

�p(Ep) =
dNp

dEpdAdtd⇥
= A E�⇤

p

�⇥(E⇥) =
Z dN⇥

dE⇥
(Ep) �p(Ep) dEp

Number of neutrinos produced in  
interval Eν...Eν+dEν, per proton interaction



Spectrum weighted moments (i)
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�⇥(E⇥) =
Z dN⇥

dE⇥
(Ep) �p(Ep) dEp

Aim: re-writing of equation 
 for scaling of yield function

dN�
dE�

(Ep) =
1

Ep

dN�
dx

x =
E�
Ep

Scaling of  
neutrino yield

energy-independent 
yield function

fraction of proton energy 
given to neutrino

Elementary math

dEp =
E�
x2 dx

�p(Ep) = A E�⇥
p = A

�
E⇤
x

⇥�⇥
= x⇥ A E�⇥

⇤

(1)

(2)

(3)



Spectrum weighted moments (ii)
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�⇥(E⇥) =
Z dN⇥

dE⇥
(Ep) �p(Ep) dEp

substitutions (1) - (3) �⇤(E⇤) =
Z 1

0
x⇥�1 dN⇤

dx
A E�⇥

⇤ dx

�⇤(E⇤) =
�Z 1

0
x⇥�1 dN⇤

dx
dx

⇥
A E�⇥

⇤

Spectrum weighted moment  
(just a number that depends  
only on particle physics)

Proton flux  
(but with neutrino energy 
instead of proton energy)



Example: Waxman-Bahcall neutrino limit (ii)
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Proton spectrum  
with α = 2 �⇥(E⇥) =

�Z 1

0
x

dN⇥
dx

dx
⇥

A E�2
⇥

Spectrum weighted moment for α=2: 
mean energy fraction of proton given to neutrino 
times number of neutrinos per interaction

Relevant interaction & decay chain (33% of all interactions with small Ecm)

p+ � �⇥ n ⇤+ �⇥ n µ+ ⇥µ �⇥ n e+ ⇥e ⇥̄µ ⇥µ

20% of p 
energy each particle has 25% of the 

energy of the π+

�⇥µ(E⇥µ) = 0.33⇥0.2⇥0.25 AE�2
⇥µ



Atmospheric muons and neutrinos
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Atmosphere is dense target, secondary particles can interact or decay

Example: pion flux in atmosphere at depth X

dFp(E,X)

dX
=�

✓
1

Lp
+

ep
E X cosq

◆
Fp(E,X) +

ZNp
lN

FN(E)e�X/LN

LN = lN/(1�ZNN)

Regeneration of particle 
flux through interaction

ep =
mph0

tp cosq

Xv = X0E�h/h0

Loss of pions 
due to decay

Generation of pions 
by primary nucleons

(Gaisser, Cosmic Rays and Particle Physics, 1990)

Muon and neutrino fluxes: 
pion and kaon flux have to be 
folded with decay distributions

Spectrum weighted moment



Spectrum weighted moments for α = 2.7
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! !

Comparison with Accelerator
experiment

Z-factors

(Honda et al., C2CR 2005)

Detailed simulation of interactions for air target with DPMJET

Dashed/solid lines: 
uncertainty due to 
possible scaling violation

p + air → π+ X 



3. High energy region
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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

Dt ⇡ 1
DE

=
1p

p2 +m2 � p
=

1
p(
p

1+m2/p2 �1)
⇡ 2p

m2Lifetime of fluctuations



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

Dt ⇡ 1
DE

=
1p

p2 +m2 � p
=

1
p(
p

1+m2/p2 �1)
⇡ 2p

m2Lifetime of fluctuations

Gluon-gluon scattering



Scattering of quarks and gluons: jet production
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proton

antiproton

rapidity
polar 
angle

Proton-antiproton  
collision at Tevatron



Interpretation within perturbative QCD

 69

Hard interaction 
of two partons

Terminology 
Soft interaction: no large momentum transfer 
Hard interaction: large momentum transfer (|t| > 2 GeV2)

QCD predictions known  
for parton-parton cross sections



QCD parton model: inclusive minijet cross section

projectile

jet pair

target nucleus (air)

f(x ,Q )

f(x ,Q )2
2

2
1

 0

 50

 100

 150

 200

 10  100  1000  10000  100000

 10  12  14  16  18  20

σ
 

  (
m

b)
Ecm  (GeV)

log10 ( Elab / eV )

Minijets

Total cross 
section

sQCD = Â
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1
1+dkl

Z
dx1 dx2

Z

pcutoff
?

d p2
? fi(x1,Q2) f j(x2,Q2)

dsi, j!k,l

d p?
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Proton-proton cross section



Perturbative QCD predictions for parton densities

projectile

jet pair

target nucleus (air)

f(x ,Q )

f(x ,Q )2
2

2
1
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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

Momentum fraction relative to proton

N
um

be
r 

of
 g

lu
on

s

HERA data
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Evolution of parton number 
given by DGLAP equation 
(and non-linear versions of it)

Prediction of 
perturbative QCD



Parton densities not really known at very low x
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Strong dependence on cutoff parameter

 73

 10

 100

 1000

 10000

 100000

 100  1000  10000  100000

 12  13  14  15  16  17  18  19  20

σ
je

t 
  (

m
b)

Ecm  (GeV)

log10 ( Elab / eV )

pp total cross section: DL fit
GRV 98

Factor ~ 10…150

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

100 1000 10000 100000

12 13 14 15 16 17 18 19 20

x 
va

lu
es

Ecm  (GeV)

log10 ( Elab / eV )

(x1 = x2)

(x1 = 1)

pT
cutoff = 2 GeV

pT
cutoff = 4 GeV

pT
cutoff = 8 GeV

p-p cross section

sQCD = Â
i, j,k,l

1
1+dkl

Z
dx1 dx2

Z

pcutoff
?

d p2
? fi(x1,Q2) f j(x2,Q2)

dsi, j!k,l

d p?

Limited predictive power  
due to dependence on 
transverse momentum cutoff

Numerical values depend 
on chosen parton density 
parametrization 



Multiple parton-parton interactions
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Geometric view: Poissonian probability distribution
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Peripheral collision: 
only very few parton-pairs interacting

Central collision:  
many parton-pairs interacting

Pn =
⇥nhard(⌅b)⇤n

n!
exp

�
�⇥nhard(⌅b)⇤

⇥

mean number of 
interactions for given 
impact parameter of 
collision

Need to know mean number of interactions 
as function of impact parameter

~b
<latexit sha1_base64="Lpt31LUWsHWFVITb+ZByrep3tIQ="></latexit><latexit sha1_base64="Lpt31LUWsHWFVITb+ZByrep3tIQ="></latexit><latexit sha1_base64="Lpt31LUWsHWFVITb+ZByrep3tIQ="></latexit><latexit sha1_base64="Lpt31LUWsHWFVITb+ZByrep3tIQ="></latexit>



Multiple soft and hard interactions
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�ns,nh =
�

d2b
[nsoft(b, s)]ns

ns!
[nhard(b, s)]nh

nh!
e�nhard(b,s)�nsoft(b,s)

Rapidity  y 

dN/dy

Rapidity  y 

dN/dy

ns=1, nh=0 ns=1, nh=1

height of plateau 
increased by jets



Interaction of two (soft) parton pairs

 77

Generic diagram of interaction of two parton pairs 

• gluon exchange between each pair produces two strings 
• sea quarks needed for string ends (different combinations possible) 
• each string fragments into hadrons with small transverse momenta

Two soft interactions



Comparison with collider data
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Note: one cut pomeron means  
         one soft or hard interaction
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Status of Feynman scaling
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Feynman scaling 

Feynman scaling might approximately 
hold in forward direction

2E
dN
d3 p

=
dN

dy d2 p⇤
�⇥ f (xF , p⇤)
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dy d2 p?
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g(p2
?)

Feynman scaling violated for small |xF|

SIBYLL

+ DATA : Comp. 900GeV/7TeV 

Preliminary 

Data 2010 at √s=900GeV 
(Normalized by the number  
 of entries in XF > 0.1) 
Data 2010 at √s=7TeV (�>10.94) 

900GeV vs. 7TeV 
with the same PT region 

"  Normalized by the number of entries in XF > 0.1 
"  No systematic error is considered in both collision energies. 

XF spectra : 900GeV data vs. 7TeV data Coverage of 900GeV and 7TeV  
results in Feynman-X  and PT  

Good agreement of XF spectrum shape between 900 GeV and 7 TeV. 
#weak dependence of <pT> on ECMS 

Xf



Problem:  high parton densities

nucleon

nucleus pR2
0 '

as(Q2
s)

Q2
s

· xg(x,Q2
s)

Simple geometric criterion

 80

Non-linear effects / 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



Comparison of high energy interaction models
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DPMJET II.5 and III 
(Fedynitch, Ranft / Roesler, RE, Ranft, Bopp) 

EPOS 
(Pierog, Werner et al.) 

QGSJET 01  
(Kalmykov, Ostapchenko) 

QGSJET II.0x 
(Ostapchenko) 

SIBYLL 2.1, 2.3 
(Riehn, 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



High parton densities: modification of minijet threshold

nucleon
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pR2
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No dependence on 
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QGSJET II: high parton density effects

(Ostapchenko, PLB 2006, PRD 2006)

44 S. Ostapchenko / Physics Letters B 636 (2006) 40–45

Fig. 10. Complete set of enhanced diagrams containing “zig-zag fans” of kth order.

Fig. 11. Full set of non-loop diagrams.

Here we used the abbreviations χnet
a|d(i) = χnet

a|d(Y − y i, b⃗ −
b⃗i |Y, b⃗), χnet

d|a(i) = χnet
d|a(y i, b⃗i |Y, b⃗), i = 1,2, and introduced

general “net fan” contribution as χnet
a|d = limk→∞ χ

net(k)
a|d . Us-

ing (13), we obtain for the latter the recursive equation

χnet
a|d(y1, b⃗1|Y, b⃗)

= χP
aπ

(
s0e

y1 , b1
)

+ G

C2
π

y1∫

0

dy2

∫
d2b2

{[
1 − e

−χnet
a|d(y2,b⃗2|Y,b⃗)]

× exp
(
−χnet

d|a(Y − y2, b⃗− b⃗2|Y, b⃗)
)

(17)− χnet
a|d(y2, b⃗2|Y, b⃗)

}
χP

ππ

(
s0e

y1−y2, |b⃗1 − b⃗2|
)
.

3. Numerical results

The obtained expressions allowed us to calculate hadronic
elastic scattering amplitudes and correspondingly total cross
sections and elastic scattering slopes with enhanced contribu-
tions tak en into account. Here fad, σ tot

ad , Bel
ad are given by usual

expressions (3)–(6), with the pomeron quasi-eik onal χP
ad be-

ing replaced by χ tot
ad = χP

ad + χenh
ad . Technically, the “net fan”

contribution χnet
a|d has been obtained solving (17) iteratively and

substituted to (16) to calculate enhanced diagram contribution
χenh

ad . Concerning the parameter choice we used the usual values
C2

p = 1.5 , Cπ = 1.6/Cp , γπ = 2/3γp [3], and from compar-
ison to data obtained αP(0) = 1.18, α′

P(0) = 0.195 GeV−2,
γp = 1.5 9 GeV−1, R2

p = 1.8 GeV−2, R2
π = 0.7 GeV−2, G3P =

9 × 10−3 GeV2. Thus, for the triple-pomeron coupling we have
r3P = 4πGCπγ 3

π = 0.18 GeV−1 compared to 0.12 GeV−1 and
0.083 GeV−1 in [9] and [10] correspondingly. The results for
σ tot

pp , σ tot
πp , Bel

pp are shown in Fig. 12 as calculated with the full
scheme or based on the bare pomeron eik onal χP

ad . In practice,
it is sufficient to tak e into consideration only the “tree” χ tree

ad

and the first “zig-zag” χ
enh(2)
ad corrections, i.e. to use for the

enhanced contribution χ̃enh
ad = χ tree

ad + χ
enh(2)
ad instead of χenh

ad

Fig. 12. Total cross section (left) and elastic scattering slope (right) as calculated
with and without enhanced contributions—solid and dashed lines correspond-
ingly. The compilation of data is from [12].

defined in (16); the difference for the calculated cross sections
is below percent level. This is because the contributions χ

enh(k)
ad

for k ! 3 are suppressed by exponential factors in the same way
as for “loop” diagrams in (10).

Let us finally verify that the developed scheme approaches
the asymptotic result (9) in the “dense” limit. Indeed, neglect-
ing the radius of multi-pomeron vertices, at s → ∞, b → 0 and
for αP(0) − 4πGγ 2

π > 1 we can obtain the solution of (17)
as χnet

a|d(y1, b⃗1|Y, b⃗) ≃ χP
aπ (s0e

y1 , b1) + &χ
asymp
aπ (s0e

y1 , b1),
&χ

asymp
aπ being defined in (9). Substituting this to (16), we see

that the enhanced contribution χenh
ad reduces to the asymptotic

form (9): χenh
ad (s, b) ≃ &χ

asymp
ad (s, b).

In conclusion, we re-summed dominant enhanced contribu-
tions to elastic hadron–hadron scattering amplitude to all or-
ders. Although the numerical calculations have been performed
using the simple pomeron exchange amplitude (1), (2), the ob-
tained formulas can be used for a different functional form of
f P

ad(s, b). In principle, one may apply similar techniques in the
perturbative QCD, using the BFKL pomeron amplitude [13],
provided eik onal approximation remains applicable for multi-
pomeron vertices.
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FIG. 5. Basic parton-parton interaction in nucleus-nucleus colli-
sions: a projectile parton always interacts with exactly one parton on
the other side either elastically (closed parton ladder) or inelastically
(open parton ladder).

for kinky strings. For pB , we use 0.53 (soft), 0.30 (kinky), and
0.77 (remnant).

III. SPLITTING OF PARTON LADDERS

Let us first consider very asymmetric nucleus-nucleus
collisions, such as proton-nucleus or deuteron-nucleus. The
formalism developed earlier for pp can be generalized to these
nuclear collisions, as long as one assumes that a projectile
parton always interacts with exactly one parton on the other
side, elastically or inelastically (realized via closed or open
parton ladders), see Fig. 5. We employ the same techniques as
those developed in the previous section. The calculations are
complicated and require sophisticated numerical techniques,
but they can be done. The corresponding results for dAu will
be discussed later.

In the case of protons (or deuterons) colliding with heavy
nuclei (such as gold), there is a complication that has to be
taken into account. Suppose an inelastic interaction involves
an open parton ladder, between a projectile and some target
parton. The fact that these two partons interact implies that they
are close in impact parameter (transverse coordinate). Since
we have a heavy target, many target partons are available, and
there is a good chance of finding one among them being close
in impact parameter to the two interacting partons. In this case,
it may be quite probable that a parton from the ladder interacts
with this second target parton, inelastically or elastically, as
shown in Fig. 6.

As mentioned earlier, “ladder” is a symbolic notation,
covering soft contributions as well as “real” perturbative parton

projectile
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target
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FIG. 6. Inelastic and elastic “rescattering” of a parton from the
parton ladder with a second target parton. We talk about (inelastic
and elastic) splitting of a parton ladder.

ladders. Even the latter ones are in general coupled to projectile
and target via soft pieces [18 ]. In the case of soft ones, we
still talk about partons, but they are nonperturbative partons.
We expect that ladder splitting occurs more likely in the soft
regions, and that the parallel legs after the splitting are more
likely soft.

Let us first discuss the effects of elastic splitting. The
squared amplitude for an elementary inelastic interaction
involving two partons with light cone momentum shares
x + = 2p+/

√
s and x − = 2p−/

√
s can be parametrized quite

accurately as [18 ]

α (x +)β(x −)β, (2)

with two parameters α and β depending on the squared
energy s and the impact parameter b (

√
s is the proton-proton

c.m. system energy). Any addition of an elastic contribution
(closed ladder), be it in parallel or via splitting, provides an
interference term, which contributes negatively to (partial)
cross sections. So an additional elastic leg, even though it
does not affect particle production, provides screening. Model
calculations show that adding elastic splittings to the basic
diagrams modifies the corresponding squared amplitude as

α (x +)β(x −)β+ε, (3)

and therefore the whole effect can be summarized by a
simple positive exponent ε, which suppresses small light cone
momenta. So the existence of many target partons effectively
screens small x contributions, which agrees qualitatively with
the concept of saturation. But this is only part of the whole
story; several other aspects have to be considered.

An additional effect is the transport of transverse momen-
tum via an attached closed ladder, as shown in Fig. 7. Such
a transport we use already in the basic parton model, when
it comes to diffractive scattering, realized via a closed ladder.
Here, some transverse momentum transfer is needed to explain
the transverse momentum spectra of protons at large x (in the
diffractive region). In the case of diffractive target excitation,
the projectile gets simply a pt kick. We should have the same
phenomenon in the case of elastic splitting: the ladder parton
involved in the interaction should get a pt kick in the ame way
as the proton in diffractive scattering.

Let us turn to inelastic splitting, Fig. 8 . Consider the
example shown in the figure. The upper part has only an
ordinary parton ladder, so we expect normal hadronization.
However, the lower part has two parallel ladders which are

projectile
partons

target
partons

pt

FIG. 7. Transport of transverse momentum via an attached closed
ladder.
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nuclear collisions, as long as one assumes that a projectile
parton always interacts with exactly one parton on the other
side, elastically or inelastically (realized via closed or open
parton ladders), see Fig. 5. We employ the same techniques as
those developed in the previous section. The calculations are
complicated and require sophisticated numerical techniques,
but they can be done. The corresponding results for dAu will
be discussed later.

In the case of protons (or deuterons) colliding with heavy
nuclei (such as gold), there is a complication that has to be
taken into account. Suppose an inelastic interaction involves
an open parton ladder, between a projectile and some target
parton. The fact that these two partons interact implies that they
are close in impact parameter (transverse coordinate). Since
we have a heavy target, many target partons are available, and
there is a good chance of finding one among them being close
in impact parameter to the two interacting partons. In this case,
it may be quite probable that a parton from the ladder interacts
with this second target parton, inelastically or elastically, as
shown in Fig. 6.
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covering soft contributions as well as “real” perturbative parton
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ladders. Even the latter ones are in general coupled to projectile
and target via soft pieces [18 ]. In the case of soft ones, we
still talk about partons, but they are nonperturbative partons.
We expect that ladder splitting occurs more likely in the soft
regions, and that the parallel legs after the splitting are more
likely soft.

Let us first discuss the effects of elastic splitting. The
squared amplitude for an elementary inelastic interaction
involving two partons with light cone momentum shares
x + = 2p+/

√
s and x − = 2p−/

√
s can be parametrized quite

accurately as [18 ]

α (x +)β(x −)β, (2)

with two parameters α and β depending on the squared
energy s and the impact parameter b (

√
s is the proton-proton

c.m. system energy). Any addition of an elastic contribution
(closed ladder), be it in parallel or via splitting, provides an
interference term, which contributes negatively to (partial)
cross sections. So an additional elastic leg, even though it
does not affect particle production, provides screening. Model
calculations show that adding elastic splittings to the basic
diagrams modifies the corresponding squared amplitude as

α (x +)β(x −)β+ε, (3)

and therefore the whole effect can be summarized by a
simple positive exponent ε, which suppresses small light cone
momenta. So the existence of many target partons effectively
screens small x contributions, which agrees qualitatively with
the concept of saturation. But this is only part of the whole
story; several other aspects have to be considered.

An additional effect is the transport of transverse momen-
tum via an attached closed ladder, as shown in Fig. 7. Such
a transport we use already in the basic parton model, when
it comes to diffractive scattering, realized via a closed ladder.
Here, some transverse momentum transfer is needed to explain
the transverse momentum spectra of protons at large x (in the
diffractive region). In the case of diffractive target excitation,
the projectile gets simply a pt kick. We should have the same
phenomenon in the case of elastic splitting: the ladder parton
involved in the interaction should get a pt kick in the ame way
as the proton in diffractive scattering.

Let us turn to inelastic splitting, Fig. 8 . Consider the
example shown in the figure. The upper part has only an
ordinary parton ladder, so we expect normal hadronization.
However, the lower part has two parallel ladders which are
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FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ ̸= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ ̸=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ ̸= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ ̸=j

z′
0 exp

(
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ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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FIG. 12. Inelastic differential yields in pp collisions as a function
of pt for (from top to bottom) charged particles (over 2) at η = 0 and
η = 1; negative particles at η = 2.2 and η = 3.2 (always displaced
by factors of 10). Lines are EPOS simulations; points are data [7 ].
We also plot (dashed) the simulation curve at η = 0, multiplied by
0.1, 0.01, and 0.001, to serve as reference.

In Fig. 12, we plot inelastic differential yields as a function of
pt , at different pseudorapidities; η = 0, η = 1, η = 2.2, and
η = 3.2. We show EPOS simulations compared to BRAHMS
data [7 ]. We also plot (dashed line) the simulation curve at
η = 0, multiplied by 0.1, 0.01, and 0.001, to have a reference
for the results at the other pseudorapidities. The spectra clearly
get softer with increasing η.

VI. RESULTS FOR DEUTERON-GOLD

All screening effects are linear in Z, so it is worthwhile to
first investigate Z. In very asymmetric collisions such as dAu,
the projectile Z is essentially zero, whereas the target Z differs
considerably from zero. As shown in Fig. 13 (and obvious
from the definition), ZT increases linearly with the number of
collisions. So Z is essentially a centrality measure. In Fig. 14,
we show the Z distribution for the different centrality classes.
In this way, one understands easily how the different centrality
classes are affected by the splitting effects.

In the following, we define centrality via the impact param-
eter variable. A more correct definition (when comparing with
experiments) via multiplicities in given rapidity intervals has
been tested and gives the same results.

FIG. 13. Target Z as a function of centrality, expressed in terms
of the number of binary collisions, for dAu.

FIG. 14. Z distribution for different centrality classes.

Although we are mainly interested here in transverse
momentum spectra, we still show first of all the pseudorapidity
spectra, which finally determine the normalization of the
pt spectra. In Fig. 15, we show pseudorapidity spectra in
minimum bias dAu collisions: EPOS simulations, compared to
data from PHOBOS [29], STAR [4], and BRAHMS [30]. We
also show different contributions to the simulated distribution.
We distinguish inner and outer (projectile and target) contri-
butions, where the outer contributions are meant to contain the
multiple ladders, originating from ladder splittings, treated in
a collective way, as discussed above. The inner contribution
comes from ordinary ladders in the middle. The asymmetry of
the distribution is clearly due to the target remnant contribution
(the projectile contribution, not shown, is very small). In
Figs. 16 and 17 , we show pseudorapidity spectra for central
and peripheral dAu collisions.

Let us now turn to pt spectra. One of the first observations
concerning pt spectra in dAu collisions was the fact that not
only does the nuclear modification factor show a nontrivial
behavior, but also this behavior seems to be strongly pseudo-
rapidity dependent, even when varying η by only one unit. We
will investigate this question in the following discussion.

In Fig. 18 , we show transverse momentum spectra of
charged particles in dAu collisions at different central-
ities and at different pseudorapidities. The four figures
represent minimum bias, central (0%–20%), mid-central
(20%–40%), and peripheral (40%–100%) collisions. For
each figure, spectra for four pseudorapidity intervals are

FIG. 15. Pseudorapidity spectra of charged particles in minimum
bias dAu collisions. Lines are EPOS simulations; points are data
from PHOBOS [29] (circles), STAR [4] (triangles), BRAHMS [30]
(squares). We also show the inner and outer target contributions to
the simulated distribution.
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TABLE I. Best fit v alues for splitting parameters. Included in the
fit are data not shown in this paper.

Coefficient Corresponding v ariable Value

sM Minimum squared screening energy (25 GeV)2

wM Defines minimum for z′
0 6.000

wZ Global Z coefficient 0.080
wB Impact parameter width coefficient 1.160
aS Soft screening exponent 2.000
aH Hard screening exponent 1.000
aT Transv erse momentum transport 0.025
aB Break parameter 0.070
aD Diquark break probability 0.110
aS Strange break probability 0.140
aP Av erage break transv erse momentum 0.150

also compare the experimental energy dependence of cross
sections [22], hadron multiplicities [23], and (pseudo)rapidity
distributions [24,25] in pp or pp̄. The best fit parameters are
shown in Table I.

V. RESULTS FOR PROTON-PROTON

Ladder splitting is quite important for pp at v ery high ener-
gies, where cross sections and multiplicities are considerably
suppressed because of screening. At RHIC energies, howev er,
the effects are small: the total cross section is reduced by 5%,
the multiplicity by 10%. Concerning the transv erse momentum
spectra to be discussed in detail in the following, the effect is
hardly v isible.

When comparing charged particle pt spectra in pp from
the different RHIC experiments, one has to keep in mind
that STAR collaboration refers to non-single-diffractiv e (NSD)
ev ents rather than inelastic ones. To demonstrate the difference
between the two, we show in Fig. 9 the UA5 [26] Collaboration
pseudorapidity distributions for NSD and inelastic ev ents,
together with EPOS simulations. For the simulation of NSD
ev ents, we use simply the same requirement as used in the
experiment (coincidence of charged particles in a forward and
backward pseudorapidity interv al).

FIG. 9. Pseudorapidity distribution for inelastic and NSD ev ents
in pp̄ collisions at 200 GeV. Lines are EPOS results; the points are
data [26]. Dotted line represents the inner contribution to the inelastic
distribution (many particles are coming from remnants).

FIG. 10. Ratio of NSDBBC differential yield to inelastic differen-
tial yield, in pp collisions, for pions (π ), kaons (K ), and protons ( p).

In the case of STAR, one could also define NSD as the
ev ents accepted by the beam beam counter (BBC). What is
actually done is somewhat different. The differential cross
section according to BBC is multiplied by 30/26, in order to
correspond to what Pythia defines to be non-single-diffractiv e,
corresponding to 30 mb. Then, again based on Pythia, it is
argued that the inelastic differential yield for inelastic ev ents
is obtained essentially (with a small correction at small pt ) by
multiplying by 30/42 (just the ratio of the cross sections), since
single-diffractiv e (SD) ev ents do not contribute to particle
production. So, the originally measured differential yield and
the inelastic one differ essentially by a factor of 42/30 =
1.4. This is not quite what EPOS calculations prov ide when
simulating NSD ev ents with the BBC trigger condition and
comparing with inelastic ev ents. As seen in Fig. 10, the ratio
of the NSDBBC differential yield to the inelastic differential
yield, rather than being 1.4, differs considerably as a function
of pt and also depends on the particle species.

In Fig. 11, we show pt spectra (differential yields) for NSD
ev ents, compared to STAR data [27], and for inelastic ev ents,
compared to PHENIX data [6,28]. Simulation and data agree
within 15% (ov er 6 orders of magnitude).

When studying (later) dAu collisions, there will be
plenty of discussion concerning the pseudorapidity depen-
dence of certain effects. It is therefore necessary to first
check the pseudorapidity dependence of pt spectra for pp.

FIG. 11. Differential yields in pp collisions as a function of pt

for (from top to bottom) charged particles (ov er 2) for NSD ev ents,
charged particles (ov er 2) for inelastic ev ents, and neutral pions for
inelastic ev ents. Lines are EPOS simulations; points are data from
STAR [27] and PHENIX [6,28]. The two agree within 15% (ov er six
orders of magnitude).
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FIG. 8. Hadron production in the case of inelastic ladder splitting.

also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ ̸= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ ̸=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
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can already happen in pp collisions.
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on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
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with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
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We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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also close in space, since they have a common upper end and
the lower ends are partons close in impact parameter, so the
hadronization of the two ladders is certainly not independent.
Therefore, we expect some kind of collective hadronization
of two interacting ladders. Here, we only considered the most
simple situation; one may also imagine three or more close
ladders, hadronizing collectively.

If we allow ladders to split, then perhaps they could merge
again and form loops. In fact, they can; only we do not need
to treat this explicitly, since the splitting concerns mainly the
soft ladders (or pieces), and these soft ladders are treated in
an effective, phenomenological way via parametrization. So
we can easily absorb loops into our effective soft ladders. This
cannot be done with the splitting, since the external legs may
be attached to different nuclei.

So far, we have discussed in a qualitative fashion the
consequences of elastic and inelastic parton ladder splitting.
The strength of the effects will certainly depend on the target
mass, via the number Z of partons available for additional
legs. The number Z of available partons will also increase with
energy, so at high enough energy the abovementioned effects
can already happen in pp collisions.

IV. REALIZATION OF LADDER SPLITTING EFFECTS

The basic quantity for a numerical treatment of the ladder
splitting effects is the number Z of partons available for
additional legs; more precisely, we have ZT for counting legs
on the target side and ZP for counting legs on the projectile
side. Let us treat ZT (corresponding discussion for ZP ).
Consider a parton in the projectile nucleon i which interacts
with a parton in target nucleon j. The number ZT (i, j ) of
additional legs has two contributions, one counting the legs
attached to the same nucleon j, and one counting the legs
attached to the other nucleons j ′ ̸= j . We assume the form

ZT (i, j ) = z0 exp
(
− b2

ij /2b0
2)

+
∑

target nucleons
j ′ ̸=j

z′
0 exp

(
− b2

ij ′/2b0
2), (4)

where bij is the distance in impact parameter between i
and j. The coefficients z0 and z′

0 depend logarithmically on

the energy, as

z0 = wZ log s/sM, (5)

z′
0 = wZ

√
(log s/sM )2 + wM

2, (6)

[log(x) := max(0, ln(x)] and the impact parameter width is
b0 = wB

√
σinelpp/π , with parameters wB,wZ, wM , and sM .

We then define

ZT (j ) =
∑

i

ZT (i, j ). (7)

We suppose that all the effects of the parton ladder splitting
can be treated effectively, meaning that the correct explicit
treatment of splittings is equivalent to the simplified treatment
without splittings, but with certain parameters modified,
expressed in terms of Z. We do this is not only to simplify our
life. Even an explicit dynamic treatment remains a phenomeno-
logical approach with many uncertainties about the splitting
vertices. So we prefer to have simple parametrizations rather
than a very complicated but uncertain dynamic treatment.

So which quantities depend on Z, and how? In the following,
the symbols ai are constants, used as fit parameters. The
elastic splitting leads to screening, which is expressed by the
screening exponents ε = εS (for soft ladders) and ε = εH (for
hard ladders), and here we assume

εS = aS βSZ, (8)

εH = aH βH Z, (9)

where βS and βH are the usual exponents describing soft
and hard amplitudes. Concerning the transport of transverse
momentum, we suppose

%pt = aT p0nqZ, (10)

where nq is the number of quarks of the objects in the
hadronization process (1 for quarks, 2 for diquarks), and
p0 = 0.5 GeV is just used to define a scale.

Let us now address collective hadronization. We will
actually “absorb” the multiple ladders into the remnants, which
are usually treated as strings. Now we treat them as strings with
modified string break parameters to account for collective
hadronization. We modify the break probability (per unit
space-time area) pB , which determines whether a string breaks
earlier or later, the diquark break probability pD , the strange
break probability pS , and the mean transverse momentum p̄t

of a break, as

pB → pB − aBZ, (11)

pD → pD (1 + aDZ), (12)

pS → pS (1 + aSZ), (13)

p̄t → p̄t (1 + aP Z), (14)

with positive parameters ai . So with increasing Z, a reduced
pB will lead to more particle production; an increased pD, pS ,
and p̄t will lead to more baryon-antibaryon production, more
strangeness production, and an increased pt for each string
break.

The parameters sM,wi , and ai are chosen to reproduce
the RHIC pp and dAu data shown in this paper, as well as
pt spectra for identified pions, kaons, and protons [21]. We
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EPOS: remant vs. string contributions
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FIG. 1. Elementary parton-parton scattering: the hard scattering
in the middle is preceded by parton emissions (initial state spacelike
cascade); these partons being usually off-shell, they emit more partons
(final state timelike cascade). For all this we use a symbolic parton
ladder.

One may simply consider the remnants to be diquarks,
providing a string end, but this simple picture seems to be
excluded from the strange antibaryon results produced at the
CERN super proton synchrotron (SPS) [19].

We therefore adopt the following picture, as indicated in
Fig. 2: not only a quark but also a two-fold object takes
part directly in the interaction, being a quark-antiquark or a
quark-diquark, leaving behind a colorless remnant, which is
in general excited (off-shell). So we have finally three white
objects: the two off-shell remnants and the parton ladder
between the two active partons on either side (by parton
we mean quark, antiquark, diquark, or antidiquark). We also
refer to “inner contributions” (from parton ladders) and “outer
contributions” (from remnants), which reflect the fact that
the remnants produce particles mainly at large rapidities and
the parton ladders at central rapidities, see Fig. 3. Whereas the
outer contributions are essentially energy independent, apart
from a shift in rapidity, the inner contributions grows with
energy, central rapidities. But at RHIC energies, a substantial
remnant contribution remains at midrapidity.

We showed in Ref. [20] that the three-object picture as
discussed in this paper can solve the multi-strange baryon
problem of Ref. [19].

In practice, a couple of parameters determine remnant
properties. We assume the remnants to be off-shell with
probability pO , a mass distribution given as

prob ∝ M−2αO , (1)

within the kinematic allowed range of M, with parameter
values which are not necessarily the same for nondiffractive
and diffractive interactions (the latter ones defined as those
without parton ladders). We use currently for pO 0.75 (dif )

N

N

remnant
projectile

excitation

target
remnant
excitation

parton
ladder

FIG. 2. Complete picture, including remnants, which are an
important source of particle production at RHIC energies.

SPS low
dn/dy

dn/dy

dn/dy

SPS high

dn/dy
LHC

RHIC

y

y

y

y

FIG. 3. Inner contributions from the parton ladder (full lines) and
outer contributions from the remnants (dashed lines) to the rapidity
distribution of hadrons (artist’s view). LHC indicates energies reached
by the CERN Large Hadron Collider.

and 0.95 (nondif ), and for αO 0.75 (dif ) and 1.1 (nondif ).
Those excitation exponents may give rise to quite high mass
remnants; RHIC and SPS data seem to support this. High mass
remnants will be treated as strings.

Even inclusive measurements often require more informa-
tion than just inclusive cross sections, for example, via trigger
conditions. In any case, for detailed comparisons we need an
event generator, which obviously requires information about
exclusive cross sections (the widely used pQCD generators
are not event generators in this sense, they are generators of
inclusive spectra, and a Monte Carlo event is not a physical
event). This problem has been known for many years; the
solution is Gribov’s multiple scattering theory, which has been
employed by many authors. This formulation is equivalent to
using the eikonal formula to obtain exclusive cross sections
from knowledge of the inclusive one.

Recently we indicated inconsistencies in this approach,
proposing an “energy-conserving multiple scattering treat-
ment” [18 ]. The main idea is simple: in the case of multiple
scattering, when calculating partial cross sections for double,
triple, . . . scattering, one has to explicitly account for the fact
that the total energy has to be shared among the individual
elementary interactions.

A consistent quantum mechanical formulation of multiple
scattering requires consideration not only of the (open)
parton ladders, discussed so far, but also of closed ladders,
representing elastic scattering, see Fig. 4. Closed ladders do
not contribute to particle production, but they are crucial
since they affect substantially the calculations of partial cross

parton

ladder

parton

ladder

closedopen

FIG. 4. Two elements of the multiple scattering theory: open
ladders, representing inelastic interactions, and closed ladders,
representing elastic interactions.
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TABLE I. Best fit v alues for splitting parameters. Included in the
fit are data not shown in this paper.

Coefficient Corresponding v ariable Value

sM Minimum squared screening energy (25 GeV)2

wM Defines minimum for z′
0 6.000

wZ Global Z coefficient 0.080
wB Impact parameter width coefficient 1.160
aS Soft screening exponent 2.000
aH Hard screening exponent 1.000
aT Transv erse momentum transport 0.025
aB Break parameter 0.070
aD Diquark break probability 0.110
aS Strange break probability 0.140
aP Av erage break transv erse momentum 0.150

also compare the experimental energy dependence of cross
sections [22], hadron multiplicities [23], and (pseudo)rapidity
distributions [24,25] in pp or pp̄. The best fit parameters are
shown in Table I.

V. RESULTS FOR PROTON-PROTON

Ladder splitting is quite important for pp at v ery high ener-
gies, where cross sections and multiplicities are considerably
suppressed because of screening. At RHIC energies, howev er,
the effects are small: the total cross section is reduced by 5%,
the multiplicity by 10%. Concerning the transv erse momentum
spectra to be discussed in detail in the following, the effect is
hardly v isible.

When comparing charged particle pt spectra in pp from
the different RHIC experiments, one has to keep in mind
that STAR collaboration refers to non-single-diffractiv e (NSD)
ev ents rather than inelastic ones. To demonstrate the difference
between the two, we show in Fig. 9 the UA5 [26] Collaboration
pseudorapidity distributions for NSD and inelastic ev ents,
together with EPOS simulations. For the simulation of NSD
ev ents, we use simply the same requirement as used in the
experiment (coincidence of charged particles in a forward and
backward pseudorapidity interv al).

FIG. 9. Pseudorapidity distribution for inelastic and NSD ev ents
in pp̄ collisions at 200 GeV. Lines are EPOS results; the points are
data [26]. Dotted line represents the inner contribution to the inelastic
distribution (many particles are coming from remnants).

FIG. 10. Ratio of NSDBBC differential yield to inelastic differen-
tial yield, in pp collisions, for pions (π ), kaons (K ), and protons ( p).

In the case of STAR, one could also define NSD as the
ev ents accepted by the beam beam counter (BBC). What is
actually done is somewhat different. The differential cross
section according to BBC is multiplied by 30/26, in order to
correspond to what Pythia defines to be non-single-diffractiv e,
corresponding to 30 mb. Then, again based on Pythia, it is
argued that the inelastic differential yield for inelastic ev ents
is obtained essentially (with a small correction at small pt ) by
multiplying by 30/42 (just the ratio of the cross sections), since
single-diffractiv e (SD) ev ents do not contribute to particle
production. So, the originally measured differential yield and
the inelastic one differ essentially by a factor of 42/30 =
1.4. This is not quite what EPOS calculations prov ide when
simulating NSD ev ents with the BBC trigger condition and
comparing with inelastic ev ents. As seen in Fig. 10, the ratio
of the NSDBBC differential yield to the inelastic differential
yield, rather than being 1.4, differs considerably as a function
of pt and also depends on the particle species.

In Fig. 11, we show pt spectra (differential yields) for NSD
ev ents, compared to STAR data [27], and for inelastic ev ents,
compared to PHENIX data [6,28]. Simulation and data agree
within 15% (ov er 6 orders of magnitude).

When studying (later) dAu collisions, there will be
plenty of discussion concerning the pseudorapidity depen-
dence of certain effects. It is therefore necessary to first
check the pseudorapidity dependence of pt spectra for pp.

FIG. 11. Differential yields in pp collisions as a function of pt

for (from top to bottom) charged particles (ov er 2) for NSD ev ents,
charged particles (ov er 2) for inelastic ev ents, and neutral pions for
inelastic ev ents. Lines are EPOS simulations; points are data from
STAR [27] and PHENIX [6,28]. The two agree within 15% (ov er six
orders of magnitude).
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Different implementations of two-gluon scattering

Kinematics etc. given by parton densities and 
perturbative QCD 

Two strings stretched between quark pairs 
from gluon fragmentation
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Charged particle distribution in pseudorapidity
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Cross section measurements at LHC
Inelastic Proton-Proton Cross-Section
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LHCf: very forward photon production at 7 TeV
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Fig. 5. Comparison of the single photon energy spectra between the experimental data and the MC predictions. Top panels show the spectra and the bottom panels show the
ratios of MC results to experimental data. Left (right) panel shows the results for the large (small) rapidity range. Different colors show the results from experimental data
(black), QGSJET II-03 (blue), DPMJET 3.04 (red), SIBYLL 2.1 (green), EPOS 1.99 (magenta) and PYTHIA 8.145 (yellow). Error bars and gray shaded areas in each plot indicate the
experimental statistical and the systematic errors, respectively. The magenta shaded area indicates the statistical error of the MC data set using EPOS 1.99 as a representative
of the other models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

LHCf detectors by two methods; first by using the distribution of
particle impact positions measured by the LHCf detectors and sec-
ond by using the information from the Beam Position Monitors
(BPMSW) installed ±21 m from the IP [24]. From the analysis of
the fills 1089–1134, we found a maximum ∼4 mm shift of the
beam center at the LHCf detectors, corresponding to a crossing an-
gle of ∼30 µrad assuming the beam transverse position did not
change. The two analyses gave consistent results for the location
of the beam center on the detectors within 1 mm accuracy. In
the geometrical construction of events we used the beam-center
determined by LHCf data. We derived photon energy spectra by
shifting the beam-center by 1 mm. The spectra are modified by
5–20% depending on the energy and the rapidity range. This is
assigned as a part of systematic uncertainty in the final energy
spectra.

The background from collisions between the beam and the
residual gas in the vacuum beam pipe can be estimated from the
data. During LHC operation, there were always bunches that did
not have a colliding bunch in the opposite beam at IP1. We call
these bunches ‘non-crossing bunches’ while the normal bunches
are called as ‘crossing bunches.’ The events associated with the
non-crossing bunches are purely from the beam-gas background
while the events with the crossing bunches are mixture of beam-
beam collisions and beam-gas background. Because the event rate
of the beam-gas background is proportional to the bunch inten-
sity, we can calculate the background spectrum contained in the
crossing bunch data by scaling the non-crossing bunch events. We
found the contamination from the beam-gas background in the fi-
nal energy spectrum is only ∼0.1%. In addition the shape of the

energy spectrum of beam-gas events is similar to that of beam-
beam events, so beam-gas events do not have any significant im-
pact on the beam-beam event spectrum.

The collision products and beam halo particles can hit the beam
pipe and produce particles that enter the LHCf detectors. However
according to MC simulations, these particles have energy below
100 GeV [10] and do not affect the analysis presented in this Let-
ter.

5. Comparison with models

In the top panels of Fig. 5 photon spectra predicted by
MC simulations using different models, QGSJET II-03 (blue) [22],
DPMJET 3.04 (red) [21], SIBYLL 2.1 (green) [25], EPOS 1.99 (ma-
genta) [20] and PYTHIA 8.145 (default parameter set; yellow) [26,
27] for collisions products are presented together with the com-
bined experimental results. To combine the experimental data of
the Arm1 and Arm2 detectors, the content in each energy bin was
averaged with weights by the inverse of errors. The systematic un-
certainties due to the multi-hit cut, particle identification (PID),
absolute energy scale and beam center uncertainty are quadrati-
cally added in each energy bin and shown as gray shaded areas in
Fig. 5. The uncertainty in the luminosity determination (±6.1% as
discussed in Section 2), that is not shown in Fig. 5, can make an
energy independent shift of all spectra.

In the MC simulations, 1.0 × 107 inelastic collisions were gen-
erated and the secondary particles transported in the beam pipe.
Deflection of charged particles by the D1 beam separation dipole,
particle decay and particle interaction with the beam pipe are
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Fig. 5. Comparison of the single photon energy spectra between the experimental data and the MC predictions. Top panels show the spectra and the bottom panels show the
ratios of MC results to experimental data. Left (right) panel shows the results for the large (small) rapidity range. Different colors show the results from experimental data
(black), QGSJET II-03 (blue), DPMJET 3.04 (red), SIBYLL 2.1 (green), EPOS 1.99 (magenta) and PYTHIA 8.145 (yellow). Error bars and gray shaded areas in each plot indicate the
experimental statistical and the systematic errors, respectively. The magenta shaded area indicates the statistical error of the MC data set using EPOS 1.99 as a representative
of the other models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

LHCf detectors by two methods; first by using the distribution of
particle impact positions measured by the LHCf detectors and sec-
ond by using the information from the Beam Position Monitors
(BPMSW) installed ±21 m from the IP [24]. From the analysis of
the fills 1089–1134, we found a maximum ∼4 mm shift of the
beam center at the LHCf detectors, corresponding to a crossing an-
gle of ∼30 µrad assuming the beam transverse position did not
change. The two analyses gave consistent results for the location
of the beam center on the detectors within 1 mm accuracy. In
the geometrical construction of events we used the beam-center
determined by LHCf data. We derived photon energy spectra by
shifting the beam-center by 1 mm. The spectra are modified by
5–20% depending on the energy and the rapidity range. This is
assigned as a part of systematic uncertainty in the final energy
spectra.

The background from collisions between the beam and the
residual gas in the vacuum beam pipe can be estimated from the
data. During LHC operation, there were always bunches that did
not have a colliding bunch in the opposite beam at IP1. We call
these bunches ‘non-crossing bunches’ while the normal bunches
are called as ‘crossing bunches.’ The events associated with the
non-crossing bunches are purely from the beam-gas background
while the events with the crossing bunches are mixture of beam-
beam collisions and beam-gas background. Because the event rate
of the beam-gas background is proportional to the bunch inten-
sity, we can calculate the background spectrum contained in the
crossing bunch data by scaling the non-crossing bunch events. We
found the contamination from the beam-gas background in the fi-
nal energy spectrum is only ∼0.1%. In addition the shape of the

energy spectrum of beam-gas events is similar to that of beam-
beam events, so beam-gas events do not have any significant im-
pact on the beam-beam event spectrum.

The collision products and beam halo particles can hit the beam
pipe and produce particles that enter the LHCf detectors. However
according to MC simulations, these particles have energy below
100 GeV [10] and do not affect the analysis presented in this Let-
ter.

5. Comparison with models

In the top panels of Fig. 5 photon spectra predicted by
MC simulations using different models, QGSJET II-03 (blue) [22],
DPMJET 3.04 (red) [21], SIBYLL 2.1 (green) [25], EPOS 1.99 (ma-
genta) [20] and PYTHIA 8.145 (default parameter set; yellow) [26,
27] for collisions products are presented together with the com-
bined experimental results. To combine the experimental data of
the Arm1 and Arm2 detectors, the content in each energy bin was
averaged with weights by the inverse of errors. The systematic un-
certainties due to the multi-hit cut, particle identification (PID),
absolute energy scale and beam center uncertainty are quadrati-
cally added in each energy bin and shown as gray shaded areas in
Fig. 5. The uncertainty in the luminosity determination (±6.1% as
discussed in Section 2), that is not shown in Fig. 5, can make an
energy independent shift of all spectra.

In the MC simulations, 1.0 × 107 inelastic collisions were gen-
erated and the secondary particles transported in the beam pipe.
Deflection of charged particles by the D1 beam separation dipole,
particle decay and particle interaction with the beam pipe are
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Combined CMS and TOTEM measurements

Shifted vertex
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Figure 6: Charged-particle pseudorapidity distributions from an inclusive sample (top left), a
NSD-enhanced sample (top right), and a SD-enhanced sample (bottom). The error bars repre-
sent the statistical + uncorrelated systematics between neighbouring bins and the bands show
the combined systematic and statistical uncertainties. The measurements are compared to re-
sults from PYTHIA6, tune Z2*, PYTHIA8, tune 4C, HERWIG++, tune UE-EE-3 with CTEQ6L1
PDFs, EPOS, tune LHC, and QGSJETII-04.

Nominal vertex
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Performance plots of recent model versions
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T. Pierog, KIT - 10/30ISVHECRI – May 2018

Air Showers Muon Signal Nuclear InteractionsEM Signal

Cross-Section

For all models cross-section calculation based on optical theorem

total cross-section given by elastic amplitude

different amplitudes in the models but free parameters set to reproduce all 
p-p cross-sections

basic principles + high quality LHC data = same extrapolation  

pp p-Air

T. Pierog, KIT - 14/30ISVHECRI – May 2018

Air Showers Muon Signal Nuclear InteractionsEM Signal

Multiple scattering not enough to reconcile pQCD minijet cross-
section and total cross-section

non-linear effect should be taken into account (interaction between scatterings)

Solution depends on amplitude definition

still large uncertainties at high energy (but reduced after LHC)  

Energy Evolution

pp p-Air

(Pierog ISVHECRI 2018)



Scaling: model predictions (i)
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Scaling: model predictions (ii)
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Scaling: model predictions (iii)
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T. Pierog, KIT - 15/30ISVHECRI – May 2018

Air Showers Muon Signal Nuclear InteractionsEM Signal

Inelasticity

In most of the cases, the projectile is destroyed by the collision

non-diffractive scattering : high energy loss for leading particle, high multiplicity 

In 10-20% of the time, the projectile have a small energy loss (high 
elasticity) and is unchanged

diffractive scattering : low energy loss, low multiplicity on target side

Model difference mostly at technical level (and choice of data)

pp p-Air

Elasticity = 1 - Inelasticity
(Pierog ISVHECRI 2018)

Inelasticity: fraction of beam particle energy that is transferred to 
                    secondary particles except the leading one



Collective effects – hydrodynamics and hadronization
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LHC meets Cosmic Rays 29 October 2018 # Klaus Werner # Subatech, Nantes 78
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Radial flow visible in particle distributions

Particle spectra affected by radial flow
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hydrodynamics (solid)
string decay (dotted)

=> mass ordering of ⟨pt ⟩, lambda/K increase

Very high energy density 
at initial stage of collision:

hydrodynamical state of q and g

(Quark-Gluon Plasma)

Effect on cosmic ray observables expected 
to be small, but see Baur et al. arXiv:1902.09265

(Werner ISAPP 2018)



Black disk scenario of high energy scattering ?
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Black Disk Model 

• large number of minijets 
• high perturbative saturation scale 
• complete disintegration of leading particle

(Drescher et al. Phys. Rev. Lett. 94, 2005)

p

p

Not implemented as dominating process in current models

High energy scattering



Interaction models for high and ultra-high energies
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Minijet production changes characteristics of interactions 
• Predicted within perturbative QCD 
• Natural source of scaling violations 
• Parameters for calculation very uncertain 
• Saturation effects very important, not really understood 
• Collective effects more and more established (Quark-Gluon Plasma?) 

Models construction 
• Construction elements very similar 
• Model philosophies complementary 
• Tuned to data from fixed target and collider experiments 
• Differences in treatment of key questions for high-energy extrapolation

Difference between models does probably not cover full range of uncertainty



Appendix 

QCD color flow and soft interaction topologies
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Soft physics: large Nc-Nf expansion of QCD
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Topological expansion of QCD

• limit Nc ⇥⇤, Nc/nf = const., g2N2
c � 1
(’t Hooft, Veneziano, Witten)

• example:

• planar graph (reggeon):

!>

unitarity cut

q

qq

q

q

qq

q

q

q

Problem: no small coupling constant for perturbative expansion in soft physics

Nc ! •´t Hooft, Veneziano, Witten (1974)

Nc/n f = const

Graphs can be sorted according 
to number of colors and power 
of coupling constant

Planar diagrams preferred: planar diagram theory of QCD

Topology of graph: surface on which it can be drawn without crossing color lines

g2Nc ' 1
<latexit sha1_base64="b97csqllXNp4wMMjESODuGFmEaA="></latexit><latexit sha1_base64="b97csqllXNp4wMMjESODuGFmEaA="></latexit><latexit sha1_base64="b97csqllXNp4wMMjESODuGFmEaA="></latexit><latexit sha1_base64="b97csqllXNp4wMMjESODuGFmEaA="></latexit>



Color flow topologies in large-Nc/nf QCD (i)

Partons only asymptotically free, work with ´strings´ instead

Example:  
meson propagation

time

Scattering process:

 102

pp

ππ

time

q’

q

q’

q

q”

q



Color flow topologies in large-Nc/nf QCD (ii)

qq

q

q

q

Pomeron exchange 

cylinder topology (does not depend 
on flavour of scattering particles)

q

qq

q

q

Reggeon exchange 

flat topology (dependence  
on valence quark combinatorics)

time
 103

filled with quarks & gluons 
(planar configurations)



Graphical representation of optical theorem (i)
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Graphical representation of optical theorem (ii)
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Unitarity cuts (optical theorem): final state particles

−>

qq
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qq
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qq
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unitarity cut
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Unitarity cut of Reggeon 
exchange: chain of hadrons

Pomeron exchange: 
two chains of hadrons

elastic scattering inelastic scattering

 106(Capella et al. Phys.Rep. 1994, Kaidalov et al.)



Gluon-gluon scattering and cylinder topology
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Pomeron topology

• exchange of vacuum quantum numbers: pomeron

!>

qq

q

q

q

qq

q

qq

• two-gluon scattering in QCD-improved parton model:

unitarity cut

~ !>

Pomeron topology

• exchange of vacuum quantum numbers: pomeron

!>

qq

q

q

q

qq

q

qq

• two-gluon scattering in QCD-improved parton model:

unitarity cut

~ !>time

Generic diagram of hard scattering

Standard procedure: total gluon-gluon cross section obtained by squaring matrix element

sQCD = Â
i, j,k,l

1
1+dkl

Z
dx1 dx2

Z

pcutoff
?

d p2
? fi(x1,Q2) f j(x2,Q2)

dsi, j!k,l

d p?

Same calculation using optical theorem: need to cut graph for elastic scattering

leading contribution: cylinder topology


