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Soft QCD

Types of processes:
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Double Diffraction

Diffractive collisions are
defined as special inelastic
collisions in which vacuum
quantum numbers are
exchanged between
colliding particles

A diffractive process is
characterized by a Rapidity
Gap, which is caused by
t-channel pomeron(s)
exchange
(and also by t-channel
γ-exchange)
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Proton-Nuclear collisions

Most important problems of QCD which can be studied with
diffraction:

▶ Nature of the pomeron in QCD
▶ Small-x problem and ”saturation” of parton densities
▶ Color transparency

Cross sections of inelastic diffractive processes are very sensitive to
nonlinear saturation effects, especially for nuclei.

The main generators used in proton-nuclear high energy physics:

Pythia 8 [Sjöstrand et.al., Comput. Phys. Commun., 191:159–177, 2015]

EPOS-LHC [Pierog et.al, Phys. Rev. C, 92:034906, 2015]

QGSJET-II [Ostapchenko, Phys. Rev. D, 83:014018, 2011]
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Pythia: elastic and diffractive cross section

Based on : Effective reggeon field theory by V. Gribov [Gribov, JETP Lett., 41:667, 1961]

Hadronization : Lund string model [Andersson, Cambridge University Press, 7 2005]

σtot(s) = XAB sϵ + Y AB s−η , η = 0.0808, η = 0.4525

dσel
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bx = 2.3 for p, p̄; α′

IP = 0.25 GeV−2

F functions introduced to dampen large
mass systems

Central diffraction

σCD(s) = σref
CD

ln1.5
(

0.06s
smin

)
ln1.5

( 0.06sref
smin

) , where σref
CD = 1.5 mb,

sref = 4 TeV2, smin = 1 GeV2

Modification of cross-section
(from Tevatron to LHC)

σmod
i (s) =

σold
i (s)σmax

i

σold
i (s) + σmax

i
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Pythia: types of diffraction events

Regimes
Diffractive event generation is split to three regimes:

Very low mass diffraction

Low mass diffraction

High mass diffraction

Probability to apply high mass description

Ppert = 1 − exp

(
−
max(0,MX −mmin)

mwidth

)

where mmin, mwidth – free parameters.

Default values: 10 GeV for both, mmin and mwidth

Very low mass diffraction

MX ≤ mB + 1GeV

The system is allowed to decay to a two-body system
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Pythia: types of diffraction events

Regimes
Diffractive event generation is split to three regimes:

Very low mass diffraction

Low mass diffraction

High mass diffraction

Probability to apply high mass description

Ppert = 1 − exp

(
−
max(0,MX −mmin)

mwidth

)

where mmin, mwidth – free parameters.

Default values: 10 GeV for both, mmin and mwidth

Low mass diffraction
IP kicking-out qualk or gluon from proton with probabilities:

P(q)

P(g)
=

N

Mρ
X

Default values for free
parameters:

N = 5, ρ = 1

Quark kicked-out
String between quark and

diquark

Gluon kicked-out
String quark and diquark

through gluon
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Pythia: types of diffraction events

Regimes
Diffractive event generation is split to three regimes:

Very low mass diffraction

Low mass diffraction

High mass diffraction

Probability to apply high mass description

Ppert = 1 − exp

(
−
max(0,MX −mmin)

mwidth

)

where mmin, mwidth – free parameters.

Default values: 10 GeV for both, mmin and mwidth

High mass diffraction
Diffraction cross-section calculated from:

Pomeron flux

Pomeron-proton cross-section

Proton form-factor

The IP parton distribution functions (PDFs) are introduced like for a
hadron → hadron-hadron iteraction.

Reproducing non-diffractive collision
Tuning performed by selection average
number of multiple parton interactions
(MPI) to reproduce pp diffraction.

< n >= fIP/σ
eff
IPp or < n >= fp/σND

pp

where fIP and fp – PDF

σeff
IPp – main (mass-dependent) tuning

parameter
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Pythia: Multi-parton interactions (MPI)

Subprocess cross-section

dσ2j ∝ dt
t2 =

dp2
⊥

p4
⊥

σ2j = ⟨n⟩ (p⊥min)σtot ,

where ⟨n⟩ (p⊥min) – average of the number of parton-parton
interactions above p⊥min per hadron-hadron collision

Solving problem at p⊥min → 0
Energy-momentum conservation:
multiple interactions are ordered in p⊥min and constructed to have∑

x <= 1

Screening (at low p⊥min): exchanged particle becoming larger than a
typical colour-anticolour separation distance

Saturation: reducing increasing of the parton densities at low x
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Pythia: Fritiof model

Fritiof model: extension of Pythia
for soft iteraction for hadron-nucleus collisions

The proton-proton model extended to hadron-nucleus and
nucleus-nucleus collisions: assuming that a nucleus just a a

package of free nucleons
[Pi, Comput. Phys. Commun., 71:173–192, 1992].
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Pythia: Angantyr (incorporated since Pythia 8.230)

Angantyr model (incorporated since Pythia 8.230)
Angantyr [Bierlich et.al., JHEP, 10:134, 2018] – global upgrade of Pythia for extending to ions, inspired by Fritiof 7.0

Cross-section calculation
Estimation for cross-section from

P(r) = rk−1e−r/r0

Γ(k)rk0
– radius of nucleon

T (b, rp , rt) = T0(rp + rt)Θ

(√
(rp+rt )2)

2T0
− b

)
– elastic amplitude

T0(rp + rt) = (1 − exp(−π(rp + rt)2/σt))α – opacity of the semi-transparent disk

σt , α, k, r0 – free parameters.

The reasonable fit to cross-sections (calculated from T ) and elastic slope parameter (B = −dlnσNN
el /dt|t=0) is obtained
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Pythia: Angantyr (since Pythia 8.230)

Multi-parton interactions in a pA collision
Primary scattering – between the projectile and one of the target
nucleons

Secondary scattering – between the projectile and the other target
nucleon

The same distribution of particles as if the second sub-scattering was
a separate single diffractive excitation event

A secondary nucleon contributes to the final state as if the final state
particles were produced in a single diffractive excitation

Additional parton scatterings – as multiple scatterings in the
Pomeron–proton system

Multi-parton interactions in a AA collision
For AA the primary collisions generated firstly,

Secondary (one of the nucleons already wounded) later

The final state for a secondaryinteraction is then added to a primary
sub-event

(a) (b)
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Pythia: Comparison Pythia 8 to data

Comparison Pythia 8 to data

Proceedings 2019, 10, 18 2 of 5

secondary ND collisions in heavy ions as modified single-diffractive (SD) interactions. The SD in pp is
treated as interaction between a pomeron and a proton in PYTHIA8 event generator. To distinguish
usual SD collisions from secondary ND collisions for the later case we modified the pomeron parton
distribution function (PDF) to look like a proton PDF.

In the “Angantyr” model we consider fluctuating wavefunctions of nucleons. We treat them as
fluctuations in the nuclei radius. In the impact parameter space interaction cross sections are then
interpreted as probabilities. In this way initial state fluctuations are accommodated in our model.
For every nucleus-nucleus collision nucleons are distributed randomly inside a nucleus according to a
Glauber formalism inspired from work by Strikman et al. [11]. All nucleons are then identified as either
wounded or spectators. Depending upon the interaction probability interections between wounded
nucleons in projectile and target are marked as elastic, ND, secondary ND, SD and double-diffrative
(DD). Further details of these modifications and their implications are described in [12].

All sub-events are then generated as corresponding PYTHIA8 events and at the parton level they
are all stacked together to represent one pA or AA collision event. The model always checks for energy
momentum conservation while generating secondary events. Hence, in the default set-up we put a
constrain over secondary event reconstruction. In the default set-up, the model performs only one
attempt to generate a secondary ND collision. The secondary ND is vetoed upon failed attempt for that
particular sub-event. In Figure 1a we show that with the default constrain on regenerating secondary
ND events in pA collision we quantitatively reproduce the transverse energy (∑ EPb

⊥ ) distribution.
In central AA collisions a higher number of nucleon-nucleon interactions averages out effects

of fluctuations. In such cases majority of interactions are treated as standard ND and they are less
dependent on secondary ND events. In [12] we dedicated a section describing effects of our modified
SD events in generating heavy ion collisions.
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Figure 1. (a) ∑ EPb
⊥ distribution of generated pPb events at

√
sNN = 5 TeV. (b) Charged multiplicity distribution of

pPb collisions at
√

sNN = 5 TeV from ATLAS [13] compared with the Angantyr generated events with two different
means of centrality selection.

3. Results

We show comparisons of our model-generated events with experiments such as ATLAS and
ALICE for pA and AA collisions. The results shown here are generated using the default set-up of the
“Angantyr” model with PYTHIA8 version 8.235.

3.1. pA Comparison

The study of pA interactions is a good stepping stone while extrapolating a pp collision dynamics.
In heavy ion collisions events are studied and compared in different bins of event centralities.
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EPOS-LHC: Diffraction cross section

Based on : Effective reggeon field theory by V. Gribov [Gribov, JETP Lett., 41:667, 1961] with
Abramovsky-Gribov-Kancheli cutting rules
[Abramovsky, Gribov, Kancheli, Sov. J. Nucl. Phys. 18 (1974) 308.]

Hadronization : Based on Lund string model [Andersson, Cambridge University Press, 7 2005)]

Amplitude

G0(ŝ, b) = α0(b)ŝβ0 – soft contribution

G1(ŝ, b) = α1(b)ŝβ1 – non-soft contribution

ŝ = sx+x− – fraction of energy carried by the
pomeron

Total amplitude: G =
∑
i
Gi
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EPOS-LHC: Low mass diffraction

Low mass diffraction
A low mass diffractive event will be produced if only the remnants
are excited and no inelastic (i.e. cut) pomeron is exchanged

To have it consistently produced by EPOS, G2 is added

G2 not produce central strings

G2(x , s, b) = α2x−αdiff exp
(
− b2

δ2(s)

)
To have the same as soft pomeron,
δ2 = 4 · 0.0389 · (Rproj

diff + Rtar
diff + α′

diff lns)

αdiff = 1 to have 1/M2 = ŝ−αdiff

Free parameters: α2, α′
diff

Low mass diffraction
Soft diffraction: only G2 is exchanged

G2 can be produced together with G0
and/or G1
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EPOS-LHC: Diffraction cross section

Inclusive cross-section
Φ(xproj = 1, x tar = 1, s, b) – probability to have only elastic pomeron
exchange without any new particles produced

σinel (s) =
∫
d2b(1 − Φ(1, 1, s, b))

σel (s) =
∫
d2b(1 −

√
Φ(1, 1, s, b))2

Elastic slope B can be expressed with Φ, → free parameters in G
and Φ for tuning cross-sections.

Diffractive cross-section
σdiff (s) = Φ(1, 1, s, b)

[
exp

(∫
dx+dx−G2(x+, x−, s, b)

)
− 1

]
Rpro and Rtar – probability to have projectile or target excitation

σsd (s) = Rpro · (1 − Rtar ) · σdiff (s) + (1 − Rpro) · Rtar · σdiff (s)

σdd (s) = Rpro · Rtar · σdiff (s)

σcd (s) = (1 − Rpro) · (1 − Rtar ) · σdiff (s)
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EPOS-LHC: Comparison to data

Comparison EPOS-LHC to data

Finally using the ratios of kaons over pions and proton over pions as a function of

the transverse momentum as plotted on figure 16 it can be clearly seen from data and

simulations with (solid line) and without (dash-dotted line) that the flow effect take place

only above pt > 1 GeV/c.

4 Heavy ion interactions

The EPOS model was originally designed for heavy ion collisions. Even if the re-tuned LHC

version described in this paper is based on the simplified treatment of collective hadroniza-

tion from [17] and not on the more sophisticated hydrodynamical treatment of [20], it is

important to check the basic distributions for heavy systems.

4.1 Lead-Lead

As explained in section 2.3, the so-called AA flow parametrization reduces cluster masses

(and as a consequence the multiplicity of secondary particles) to increase the mean trans-

verse momentum of the produced particles. As a consequence to fix the parameter ymx
rad

both multiplicity and transverse momentum have to be taken into account.
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Figure 17. Pseudorapidity distribution

of charged particles in Pb-Pb collisions at

2.76 TeV/A for centrality bins 0 to 10%, 10 to

20%, 30 to 40% and 50-60%. EPOS LHC sim-

ulations (solid line) are compared to ATLAS

(band) and ALICE (point) measurements [29,

30].
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Figure 18. Nuclear modification factor for

charged particles in most 5% central events of

Pb-Pb collisions at 2.76 TeV.EPOS LHC simu-

lations (solid line) are compared to ALICE mea-

surements [31] (points).

As it can be seen on figure 17 and 18, it is possible to achieve a good description of

both the pseudorapidity distribution of Pb-Pb collisions at 2.76 TeV and various centrality

from the ATLAS and ALICE experiment [29, 30] and of the nuclear suppression factor

of the most central events as measured by the ALICE experiment [31] for pt < 5 GeV/c.

The large suppression observed in the simulations with EPOS LHC at larger pt is due to

a lack of hard scattering during the initial stage of the nucleus-nucleus interaction. Indeed

the screening effects used in EPOS [6] and necessary to have a good description of soft

processes in p-p and A-B scattering affect hard scales the same way as soft scales. In fact

– 15 –
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QGSJET-II

Based on : Kaidalov-Ter-Martirosyan color tube model
[Kaidalov, Ter-Martirosyan, Sov. J. Nucl. Phys.,
40:135–140, 1984]

Hadronization : independent model

QGSJET-II
Two types of pomerons:

▶ soft (|q2| < Q2
0 )

▶ semi-hard (|q2| > Q2
0 )

Total and elastic cross sections calculated for pp (pA,
AA) scattering

From total and elastir cross-section – partial cross
sections can be calculated

Comparison QGSJET-II to data

the “low-high” double diffraction cross section (dotted-dashed line in Fig. 12). The obtained values
for σSD

pp agree reasonably well with the measurements, taking the fact that most of the low mass
diffraction contribution could not be seen by the CDF detector [36]. In turn, double diffraction is
seriously underestimated by the model.

A comparison with selected data on secondary particle production in proton-proton and proton-
antiproton collisions, which have been used for the model calibration, is presented in Figs. 13, 14, 15.
In Figs. 13 and 14 the calculated Feynman x spectra of protons and charged pions as well as
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Figure 13: Calculated Feynman x spectra of secondary protons in proton-proton collisions at 100
and 200 GeV/c lab. momentum compared to data from Refs. [38] (circles) and [39] (squares).
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Figure 14: Calculated Feynman x spectra (left) and rapidity distributions (right) of positive (solid
lines) and negative (dashed lines) pions in proton-proton collisions at 158 GeV/c lab. momentum
compared to NA49 data [40].

pion rapidity distributions are plotted together with data from fixed target experiments. In turn,
Fig. 15 shows the results of calculations of the pseudorapidity density and of transverse momentum
spectra of charged secondaries in non-single-diffractive (NSD) proton-antiproton and proton-proton
collisions over a broad range of energies

√
s = 0.2÷ 7 TeV in comparison with experimental data

from the Spp̄S, Tevatron, and LHC colliders.9 More extensive compilation of the model results for
9The calculations have been performed using the NSD triggers of the respective experiments.
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Comparison with first pA diffraction result at LHC
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That indicates of
significant contribution of
γ-exchange events
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Summary

Summary
The three Monte-Carlo generators used for high energy
proton-nuclear and nuclei-nuclear collisions were considered

All three generators based on Gribov’s reggeon theory, but uses
different implementations

EPOS-LHC and QGSJET-II generators compared to the first
proton-nuclear diffraction results at LHC

Both used generators underestimate cross-section

There is significant contribution of γ-exchange events
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