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EPOS is a Monte Carlo event generator for minimum bias hadronic interactions, used for both heavy ion
interactions and cosmic ray air shower simulations. Since the last public release in 2009, the Large Hadron
Collider (LHC) experiments have provided a number of very interesting data sets comprising minimum bias p-p,
p-Pb, and Pb-Pb interactions. We describe the changes required to the model to reproduce in detail the new data
available from the LHC and the consequences in the interpretation of these data. In particular we discuss the
effect of the collective hadronization in p-p scattering. A different parametrization of flow has been introduced
in the case of a small volume with high density of thermalized matter (core) reached in p-p compared to large
volume produced in heavy ion collisions. Both parametrizations depend only on the geometry and the amount of
secondary particles entering in the core and not on the beam mass or energy. The transition between the two flow
regimes can be tested with p-Pb data. EPOS LHC is able to reproduce all minimum bias results for all particles

with transverse momentum from p; = 0 to a few GeV/c.
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I. INTRODUCTION

For many years the development of hadronic models able to
reproduce with precision the particle production observed in
minimum bias hadronic interactions has been a real challenge.
These kinds of Monte Carlo (MC) models are not only
important to test our knowledge of the physical processes
involved, but they are also useful in other areas such as analysis
of the detector acceptance in high energy physics (HEP)
experiments or propagation of hadrons in the Universe or in
the Earth’s atmosphere for astrophysical applications. With the
start of the Large Hadron Collider (LHC), a very large data set
has become available. Although the models used for cosmic
ray applications were able to predict the general behavior of
these data [1], none of them was able to predict all minimum
bias data consistently, and the models dedicated to HEP such
as PYTHIA [2] failed to reproduce accurately distributions
involving particles with very low transverse momenta and
strange particle production.

In the MC generators commonly used in HEP, the soft part
of the particle production, which dominates the minimum bias
results, is dominantly calculated from perturbative QCD and
to a small part via diffractive processes. The partons from the
scattering process are showered and hadronized following the
Lund string or the cluster fragmentation model. It was shown
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in [3] that at LHC energies hadronization cannot be done
with a simple two-string model without multiple-scattering
as for Intersecting Storage Rings (ISR) data. Many strings
can be superimposed, and the hadronization cannot be treated
like in an empty e*e™ environment. The need of corrections
to the hadronization models has also been acknowledged in
[4,5] where it is implemented in the form of so-called color
reconnection.

In Fig. 1(a) we represent the classical description of p-p
scattering in HEP models. For p-p scattering at the LHC,
“Projectile” and “Target” refer only to two opposite directions
along the beam axis, but the system is naturally completely
symmetric. The aim is to demonstrate that a model based on
the complete chain of possible hadronic phase as represented
in Fig. 1(b) commonly used for heavy ion (HI) collisions can
lead to an improved description of minimum bias p-p data at
the LHC. Such a model exists and has been actively developed
for about 20 years. EPOS [6] is based on the parton-based
Gribov-Regge theory [7] developed for NEXUS, which was
based on the VENUS model [8] for soft interactions and the
QGSJET model [9] for the semihard scattering.

Collective hydrodynamic flow seems to be well established
in HI collisions at energies between 200 and 2760 A GeV,
whereas p-p and p-A collisions are often considered to be
simple reference systems, showing normal behavior, such that
deviations of HI results with respect to p-p or p-A reveal new
physics. Surprisingly, the firstresults from p-Pb at5 TeV on the
transverse momentum dependence of azimuthal anisotropies
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FIG. 1. (Color online) Space-time evolution of the particle pro-
duction in a hadronic interaction. A hyperbola (line) represents
particles with the same proper time. Panel (a) is the standard approach
for p-p scattering while (b) is a more complete treatment used usually
for HI collision.

and particle yields are very similar to the observations in HI
scattering [10-13], and hence the question of “collective be-
havior in a small system” is heavily discussed. This discussion
is mainly based on azimuthal anisotropies; in this sense our
work is complementary since we are focusing on the conse-
quences of radial flow in the lighter hadronic system: p-p.

In this paper we will show how EPOS 1.99 [14] released
in 2009 has been changed to reproduce in detail LHC data
from various experiments. In Sec. II the basic principle of
the model is discussed before a comparison to data in Sec. III
with the updated version EPOS LHC (v3400). In particular the
role of the collective flow which is changed compared to the
one used in EPOS 1.99 is demonstrated. Tests with p-Pb and
Pb-Pb’ data are shown in Sec. IV, and finally the difference
to the PYTHIA model is discussed in Sec.V. Only LHC data
are discussed here but EPOS LHC is tuned (with a single
parameter set) to reproduce any kind of hadronic interactions
from h-A to A-B where h canbe 7, K, or p and A or B range
from 1 to 210 nucleons. The energy range is from 40 GeV in
the laboratory frame to more than 1000 TeV center-of-mass
(cms) energy (about 10?! eV in the laboratory frame).

The EPOS version EPOS LHC v3400 presented here differs
from EPOS 2.x [15] and EPOS 3.x [16] (under development)
in that it does not take advantage of the complete 3D hydro
calculation followed by the hadronic cascade done in EPOS
2 or 3, but it is a released version which is freely available
for any user [17]. The fast covariant approach used in EPOS
1.99 is still used but with an improved flow parametrization as
described later. The main reason to have different versions is
that for a Pb-Pb central event EPOS 2 or 3 needs about one hour
while EPOS LHC will generate it in a few tens of seconds, and
EPOS LHC is not under development any more (public stable
version). As a consequence EPOS LHC has more parameters
(and less predictive power) than EPOS 2 or 3 [18-20] and should
not be used for a precise study of p; distributions or particle
correlations in HI collisions, but is a good alternative model
for p-p and p-A minimum bias analysis.

II. UPDATE OF THE EpPoOS 1.99 MODEL

A. Basic principles of EPOS 1.99

Nucleus-nucleus scattering — even proton-proton — amounts
to many elementary collisions happening in parallel. Such
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FIG. 2. (Color online) Elementary interaction in the EPOS model.

an elementary scattering is the so-called “parton ladder,” see
Fig. 2, also referred to as cut Pomeron [6].

A parton ladder represents parton evolutions from the
projectile and the target side towards the center (small x). The
evolution is governed by an evolution equation, in the simplest
case according to Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP). In the following we will refer to these partons as
“ladder partons,” to be distinguished from “spectator partons”
to be discussed later. It was realized a long time ago that such
a parton ladder may be considered as a quasilongitudinal color
field, a so-called “flux tube” [15], conveniently treated as a
relativistic string. The intermediate gluons are treated as kink
singularities in the language of relativistic strings, providing
a transversely moving portion of the object. This flux tube
decays via the production of quark-antiquark pairs, creating in
this way fragments, which are identified with hadrons.

The technical details of the consistent quantum mechanical
treatment of the multiple scattering with energy sharing
between the parallel scatterings can be found in [7]. Hard scale
independent correction factors are added to the bare amplitude
of the Pomeron to control the rise of the cross section at high
energy and the multiplicity in HI collisions. The treatment of
these nonlinear effects at high energy is explained in [6]. We
do not discuss this part of the model here since very little
change has been made compared to EPOS 1.99. Another article
will cover the update of EPOS for the initial part of the collision
(diffraction, string ends, and remnants).

B. Collective hadronization in EPOS 1.99

Statistical hadronization models have been used for many
years to describe particle production in heavy ion collisions,
but also to some extent in small systems such as p-p collisions
[21-23]. Our approach is different in two ways: Whereas
conventional hadronization models are done in the canonical
framework, we are using a microcanonical scheme, with full
conservation of everything (energy-momentum, flavor). The
other difference concerns the object to decay: In our case, we
use a dynamical model (the basic EPOS model) to construct a
droplet of matter that is not uniform (for example the baryonic
density may vary along the longitudinal direction), whereas
conventional hadronization models assume some (uniform)
object. Also these models only predict yields, whereas we
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produce distributions. In this sense our model is similar to so-
called blast-wave models [24], where statistical hadronization
is based on a parametrized freeze-out surface (but here again
the canonical framework is used).

First of all, it is important to note that the initial conditions
for hadronization in EPOS are based on strings, not on partons.
Here “initial condition” refers to the state of the system after
the initial and final state radiation of the jets when partons
hadronize in HEP models and before possible parton or hadron
rescattering like in HI collisions (final state interactions). As
explained in the previous section, the initial scatterings lead
to the formation of strings, which break into segments, which
are usually identified with hadrons. Then one considers the
situation at an early proper time 7, long before the hadrons are
formed: one distinguishes between string segments in dense
areas (more than some critical density pp segments per unit
volume) and those in low density areas. The high density areas
are referred to as core, the low density areas as corona [25]. The
corona is important for certain aspects such as the centrality
dependence of all observables in HI collisions. Here it will
correspond to unmodified string fragmentation as in usual
HEP models and will dominate at large rapidity and in low
multiplicity events. In this section we will focus on the core
part which is unique in EPOS and provides interesting effects
not taken into account in other HEP models (which are all
“corona”-like).

Based on the four-momenta of the string segments which
constitute the core, a matrix in (x,y,n) of the segment density
is formed. The core is made of different clusters in each 7 bin
to keep the local energy density distribution, and each cluster is
hadronized via a microcanonical procedure with an additional
longitudinal and radial flow exactly as described in [25]. The
whole procedure perfectly conserves energy, momentum, and
flavors. The free parameters used in this process such as
strangeness or baryon production correction factor and energy
density at freeze-out can be fixed using HI data on particle
production. The mass M of each cluster is defined as

= [(SE)-(27) o

1 1

where i is the index of all segments forming the cluster and

(Ei,?:) the four-momentum vector of a segment.

In each event a part of the string segments hadronizes
normally (corona), and a part is used to create a core with
a collective hadronization as represented in Fig. 3. The core
appears only if the local density of string segments is high
enough. This limit is of course easily reached in the case of
central HI collisions at the Relativistic Heavy Ion Collider
(RHIC) or the LHC [or even the Super Proton Synchrotron
(SPS)] because of the large number of pairs of nucleons
suffering an inelastic interaction.

But in fact the multiple scattering of partons for a given
pair of nucleons can be enough to create many strings which
will overlap since the distance between partons is very small.
At 7 TeV in p-p it is easily possible to produce more than
five flux tubes leading to the production of much more than
ten strings very close to each other in the transverse plane
and overlapping around n = 0. Since a string produces more
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FIG. 3. (Color online) Schematic view of the space-time evolu-
tion of the particle production in a hadronic interaction in EPOS 1.99
or EPOS LHC. A hyperbola (line) represents particles with the same
proper time. The same treatment is used for p-p or A-B but the
collective hadronization, which can be local, is simplified compared
to the full HI picture (done in EPOS 2 or 3).

than a minimum given number of particles, a large number of
strings implies a large multiplicity. So, plotting the fraction
of final particles produced by core decay as a function of the
multiplicity of charged particles with |n| < 2.4 as shown in
Fig. 4, we can notice that even for the average multiplicity at
7 TeV (solid line), which is about 30 (with four to six strings
on average), about 30% of the particles come from the core.
The rest are produced directly by the string fragmentation in
the corona region where string segments do not overlap. At
900 GeV (dashed line), at the average multiplicity (about 15),
this fraction is close to 0. But for the same number of particles,
about the same ratio is reached at both energies.

Of course not all particles are completely absorbed in the
dense area. We define a parameter pf™ above which a particle
will simply lose part of its momentum in the core but will
survive as an independent particle produced by a string (typi-
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FIG. 4. (Color online) Fraction of charged particles with || <
2.4 coming from the core as a function of the total number of charged
particles with || < 2.4. The solid line is for simulation with EPOS at
7 TeV and the dashed line for 900 GeV p-p scattering.
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are completely absorbed and form the core. The energy loss
depends on the system size and follows formulas from [26,27].

C. Collective flow
1. Flow definitions in EPOS 1.99

Since string segments show a Bjorken-fluid like behavior,
and clusters are formed from these segments, clusters are
considered to be collectively expanding:

(1) Some transverse expansion is driven by the maximal
radial rapidity yaq if the total mass of the core Mcore =
D custers M 1s larger than My, = 3 GeV/ 2.

(2) Bjorken-like expansion in the longitudinal direction is
driven by the maximal longitudinal rapidity yiong for
each individual cluster whose mass M is larger than
the minimum mass M ;,.

In [25], it is assumed that the clusters hadronize at some
given energy density &p,qr, having acquired at that moment
a collective radial flow, with a linear radial rapidity profile
from inside to outside, characterized by y;qg. In addition,
an azimuthal asymmetry was imposed by multiplying the
x and y components of the flow four-vector-velocity with
1 4+ min(e, feec) and 1 — min(e, fiec), Where € is the initial
spacial eccentricity, € = ((y> — x%)/(y*> + x?)), and fiee =
0.5 a parameter. By imposing radial flow, the cluster mass
had to be rescaled as

M — M x 0.5y74/(Vraa Sinh Yrag — cOSh yaa + 1), (2)

in order to conserve energy, and for the longitudinal flow we
have in addition

M — M X Yiong/ sinh Yiong- (3)

2. New features in EPOs LHC

As a consequence of the rescaling due to collective flows,
and in particular the radial flow, the number of secondary
particles produced by the clusters is reduced. In the case of
consistent treatment of cross section and particle production
as in EPOS, this property is needed in the case of HI collisions
where fewer particles are observed than produced by the
model without final state interactions. Indeed, a proper hydro
treatment as in EPOS 2 or 3 requires a large multiplicity in the
initial state to finish with the correct multiplicity after a long
evolution of the large volume of the core. We will call it the
nuclear AA flow, characterized by the maximal radial rapidity
Vhd-

But in the case of a light system, such as p-p, using
EPOS 2 or 3 with a realistic treatment of the hydrodynamical
evolution with proper hadronization, such an effect was not
observed [16,20,28]. In that case the large flow comes from
the quick expansion of the very small volume of the core.
As a consequence, in EPOS LHC we introduced a different
type of radial flow in the case of a very dense system in a
small volume (where the critical energy density is reached
because of multiple scattering between partons in a single pair
of nucleons as in p-p). For this “pp flow,” characterized by the
maximal radial rapidity yg%, the mass of the cluster M is not
changed before hadronization (multiplicity is conserved) but
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the energy conservation is imposed by a simple rescaling of
the total momentum P (larger p; are compensated by smaller
p.) after the radial boost. Of course a smooth transition is
needed between the two kinds of systems and the transition is
observed in p-A interactions.

In EPOS 1.99, y.,q was parametrized as function of the
system energy and size as Yrad = Yoy + yr':ji In(1. + /s / Npair),

where Npir is the number of possibly interacting pairs of
nucleons and y;7} and y[} are parameters. While the evolution
with Np,ir was safe and easy to test with HI data at the SPS and
the RHIC, the evolution with energy especially for Ny = 1
(p-p) could lead to wrong extrapolation at high energy.

In the paper on identified particle spectra from the CMS
Collaboration [29], data show that the increase of the (p;)
as a function of the multiplicity does not depend on the
center-of-mass energy but increases with multiplicity. Because
this effect is directly linked to the radial flow intensity in our
approach [28], it is natural to parametrize all flows as functions
of the total mass M . Which is directly linked to the final
multiplicity. We get for the longitudinal flow

b llgrilg M ore
=y™ In|e — |, 4
lel’lg ylong [ Xp (yfg;g) + Mmin ( )
the AA radial flow
mx M, T
o = (5. ®)
and the pp radial flow
M
pp pX core
Yead = Yrag I (—) (6)
d d Mmin
where y} is the parameter fixing the radial flow and the

multiplicity in HI, and y7; determines the evolution of (p,)
as a function of the multiplicity in p-p. The longitudinal flow
being weaker, ylr(‘)‘ég and ylr(‘;rilg are parameters which are used to
do a fine tuning of the multiplicity in both p-p (yj,) and HI

mx

long)- Mo =3 GeV/c? is the minimum mass to

interactions (y,
have flow.
These definitions are good if we have pure AA flow (slow
expansion of a large volume) or pure pp flow (fast expansion
of a small volume). For peripheral nuclear collision or p-A
interactions we have to decide whether y* (high density of
string segments coming from a single nucleon pair as in p-p)
or yrAadA (high density of string segments coming from many
different nucleon pairs as in central HI) should be used. So for

pp flow parametrization one can define

, Ninax
My, = min (1, fpp—)Mcore, @)
N tot
where N2 is the maximum number of segments used in
the core coming from a unique nucleon-nucleon pair and
Nyt 1s the total number of segments forming the core. So
NEPP. / Niot is simply the fraction of segments coming from the
pair contributing the most to the core. fp, = 1.3 is a parameter
which can be tuned in order to have the same (p;) as a function
of multiplicity in p-p or p-A at low multiplicity (no data
needed). In other words My, is simply the mass of the part
of the core coming from the pair of nucleons with the largest
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multiple scattering. As a consequence Eq. (6) can be rewritten
as

M,
o8 = 2B in (2 ). ®

min

where F,, = min(1,2(N?)/Nhix)?, with (N?P) being the
average number of segments going to the core per participating
pair of nucleons, is a normalization factor going to O in the
case of HI collisions. As expected Fp, =1 and My, = More
in the case of p-p scattering. Using Eq. (5), we have two
independent definitions for yg% and yr‘z(‘?. Since yﬁﬂl > yﬁ:dA for
a small system (small number of nucleon pairs) and y*" < yA}
for alarge system (when (N”7) < Npiy; Fpp — 0), we simply
use the pp flow when yIh, > yA} and the AA flow otherwise.

Since the flows depend only on M. all parameters can be
fixed using LHC data only (p-p and Pb-Pb) but the results are

checked with RHIC and SPS data.

III. COMPARISON WITH LHC DATA

In this section we will see how LHC data can be described
by EPOS LHC.

A. Cross section

The most fundamental parameters of the EPOS model are
fixed by comparing the cross sections calculated from the
single scattering amplitude with the measured data. Thanks
to the TOTEM experiment [30], total, inelastic, and elastic
cross sections are known now with a high precision and can be
used to constrain the model at high energy. As shown in Fig. 5,
after retuning of the parameters fixing the nonlinear effects in
EPOS LHC, the total, inelastic, and elastic cross sections can
be well reproduced (solid line).

Compared to EPOS 1.99 (dashed line), the result corresponds
to an increase of the inelastic cross section due to a larger am-
plitude of the parton ladder. As a consequence the multiplicity
predicted by the model should increase at the LHC.

—~ 250 [
fa) =
E 225 | P*P
© 200 £ — EPOSLHC Total
175 E EPOS 1.99
% TOTEM
150 F
125 F
100 E
75 F
50 .
25 Elastic
0 \\HHH‘ \\\\HH‘ Lo LIl
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10 10 10 10°
Vs (GeV)

FIG. 5. (Color online) Total, inelastic, and elastic p-p cross
sections calculated with EPOS LHC (solid line) and EPOS 1.99
(dashed line). Points are data from [31] and the stars are the LHC
measurements by the TOTEM experiment [30].
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FIG. 6. (Color online) Pseudorapidity distribution of charged
particles for events with at least one charged particle with || < 1
for p-p interactions at 900 GeV and 7 TeV. Simulations with EPOS
LHC (solid line), EPOS 1.99 (dashed line), and EPOS 1.99 without core
production (dash-dotted line) are compared to data points from the
ALICE experiment [32].

B. Particle production

As we can see in Fig. 6, showing the comparison of EPOS
with the pseudorapidity distribution of charged particles from
ALICE data [32], the mean multiplicity is indeed larger in EPOS
LHC (solid line) compared to EPOS 1.99 (dashed line). From
the simulations with EPOS 1.99 without core formation (dash-
dotted line), we can check that this is not due to the corrected
flow. The increase in multiplicity is a direct consequence of
the consistent treatment [7] of the cross section and the particle
production in the EPOS framework. By adjusting the parameters
to get the correct cross section, we obtain naturally the correct
multiplicity.

Looking at the corresponding multiplicity distribution at
7 TeV from the ALICE experiment [33] in Fig. 7, we can
observe the effect of the corrected flow on the tail of the

ACO
Z% 4| ATLAS p+pVs =7 TeV
10 &=
& & <25 Np,>1 p>0.1GeV
LF
10 &
-3 B
10 &
r — EPOSLHC
- EPOS 1.99
r EPOS 1.99 no core
0™ L1
50 100 150
Nchrg

FIG. 7. (Color online) Multiplicity distribution of charged parti-
cles with p, > 100 MeV and |n| < 2.5 for p-p interactions at 7 TeV.
Simulations with EPOS LHC (solid line), EPOS 1.99 (dashed line), and
EPOS 1.99 without core production (dash-dotted line) are compared
to data points from the ATLAS Collaboration [33].
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FIG. 8. (Color online) Ratio of particle yield as a function of
charged particle multiplicity for |y| < 1 for non-single-diffractive
(NSD) p-p scattering at 7 TeV. Simulations are done with EPOS
LHC (solid line), EPOS 1.99 (dashed line), and EPOS 1.99 without
core production (dash-dotted line). Points are data from the CMS
experiment [29].

distribution. In EPOS 1.99 (dashed line) for the events with
a large multiplicity, the flow effect was strong and was
reducing the total number of particles suppressing events
with large multiplicities. Without core formation in EPOS 1.99
(dash-dotted line), the results were already reasonable, and
now in EPOS LHC the tail is well reproduced even with core
formation (solid line).

Thanks to CMS data on identified charged particle ratios
at midrapidity [29] we could identify a problem in EPOS 1.99
concerning the production of baryon-antibaryon pairs (and
strangeness) in string fragmentation (dashed line in Fig. 8)
which were artificially increased at high energy (by a factor of
2 for diquark production). After correction, and using the same
parameters as in ete” string fragmentation, the data are now
well reproduced for both kaon and (anti)proton production
by EPOS LHC (solid line in Fig. 8). The effect of the core
formation on these types of particles is small as we can see
for the kaon ratio comparing EPOS 1.99 with and without core
formation (dashed-dotted line in Fig. 8). For the proton ratio
using EPOS 1.99 we can clearly see the transition from particle
production dominated by the (wrong) string fragmentation at
low Ngp, to particle production dominated by cluster decay at
large N, were the proton-to-pion ratio is correct.

With correct string fragmentation parameters as in EPOS
LHC, the transition from pure strings to clusters is difficult to
observe with these types of “light quark” particles. We will see
in the next section that the effect of the final state interaction
is much larger for multistrange baryons.

C. Final state interaction

We just reported in Sec. IIIB that, when everything is
treated correctly, the effect of a possible statistical decay phase
with aradial flow due to parton or hadron reinteraction after the
initial state interaction is difficult to observe in (light) particle
multiplicity with a long lifetime. We will see in this section
that specific observables show clear indications that indeed
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FIG. 9. (Color online) Ratio E /7 as a function of particle density
at midrapidity from EPOS LHC simulations with (solid line) and
without core production (dash-dotted line).

final state interaction effects clearly help to reproduce p-p
particle production.

1. Particle ratio

One of the effects of the reinteraction is that the particle pro-
duction is not only coming from string fragmentation (where
all the parameters are supposed to be fixed by data on ete™
particle production) but also from a phase were particles are
produced statistically. In such a hadronization process cor-
responding to a hadron gas in equilibrium, strangeness
production is not suppressed. In practice the equilibrium is
not necessarily reached, and some suppression (as a free
parameter) can be introduced, but it is shown in [34] that
the strangeness production is much larger (by about a factor
of 2) in HI collisions (where the parameters for statistical
hadronization are fixed) than in e*-e~ interactions (where
string fragmentation parameters are fixed). In [35] for instance,
the hyperon-to-meson ratio is used as a possible proof of
a mini quark-gluon plasma. In EPOS LHC, we can clearly
see the transition from a pure string fragmentation to a
statistically dominated hadronization, looking at the evolution
of the multistrange baryon-to-pion ratio as a function of the
multiplicity at midrapidity as shown Fig. 9. Without core
formation (dash-dotted line), there is no strong evolution, while
with core formation (solid line) the ratio increases almost
linearly with the plateau height. The effect would be even
larger with the €2 baryon.

Comparing, Fig. 10, Ao—i—KO and E_+§+ rapidity
distributions as measured by the CMS experiment [36] for
NSD events with EPOS LHC simulation with (solid line)
core formation, we observe a good agreement, while without
(dash-dotted line) core formation the average E production is
a factor of 2 lower.

2. Transverse momentum

The second main effect of the collective phase is the
generation of a collective flow as described in Sec. II C. After
cluster decay a random longitudinal Lorentz boost, whose
maximal value is given by Eq. (4), and a radial Lorentz boost,
whose maximal value is given by Eq. (8) and whose phase
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FIG. 10. (Color online) Strange baryon yield as a function of
rapidity for non-single-diffractive (NSD) p-p scattering at 7 TeV.
Simulations are done with EPOS LHC with core (solid line) and
without core production (dash-dotted line). Points are data from the
CMS experiment [36].

depends on cluster geometry, are applied to each particle. The
effect is better observed in the evolution of the mean p; as a
function of the number of particles at midrapidity.

In Fig. 11, we first show that EPOS simulations without
core formation (dash-dotted line) exhibit a flat behavior in the
case of hard nondiffractive events (Ng, > 25). It is easy to
understand in term of string fragmentation even with multiple
scattering since each string uses the same (p¢). Then we can
check that in the case of EPOS 1.99 (dashed line) the (p;) due to
radial flow was extrapolated to a too large value at 7 TeV. Using
Eq. (8) in EPOS LHC (solid line) and adjusting the parameter
yP* to get the best fit at 900 GeV and 7 TeV of ATLAS data
from [33], it is possible to get a very good description of
the measurements. Since the radial boost is based on a Lorentz
transformation, it depends on the total energy, thus on the mass,
of each particle. The higher the mass is, the stronger the effect.
It can be checked on the evolution of the mean p; as a function
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FIG. 11. (Color online) Average transverse momentum (p,) as a
function of the number of charged particles for charged particles with
pe > 0.1GeV and |n| < 2.5 for p-p interactions at 7 TeV. Simulations
are done with EPOS LHC (solid line), EPOS 1.99 (dashed line), and
EPOS LHC without core production (dash-dotted line). Points are data
from the ATLAS experiment [33].
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FIG. 12. (Color online) Average transverse momentum (p,) of
identified particles (7, K, and p) as a function of the number of
charged particles for particles with rapidity |y| < 1in p-p collisions
at 7 TeV. Simulations are done with EPOS LHC with (solid line) and
without (dash-dotted line) core formation. Points are data from the
CMS experiment [29].

of the number of particles for identified particles (r, K, and p)
as published by the CMS Collaboration in [29]. In Fig. 12 we
can see that (p;) depends on the mass of the particles, and that
EPOS LHC gives a reasonable description of the data when the
flow is active (solid lines) while the standard string fragmenta-
tion gives a completely different behavior (dash-dotted line).
Comparing directly EPOS LHC simulations with the trans-
verse momentum distribution measured by the ATLAS exper-
iment [33] in minimum bias p-p interaction as in Fig. 13, we

O 2
N% 10 ATLASp+p — chrgVs=7TeV
o 10 N>l p>100 MeV [n[<25
No 1 Be
~ -1
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g 10
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L S - P e
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0 :—--._l---.-._]—‘\-\"\'T"-w-_ | \'\'\‘\'L
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FIG. 13. (Color online) Transverse momentum p; distribution of
charged particles with |n| < 2.5 produced in minimum bias p-p
collisions at 7 TeV. Simulations are done with EPOS LHC with (solid
line) and without (dash-dotted line) core formation. The contributions
of particles coming from the core hadronization are shown as a
dotted line while particles coming directly from string fragmentation
are represented by a dashed line. Points are data from the ATLAS
experiment [33].
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FIG. 14. (Color online) Transverse momentum distribution of
identified particles (7, K, and p) for |y| < 1 for NSD p-p scattering
at 7 TeV. Simulations are done with EPOS LHC with (solid line) and
without (dash-dotted line) core formation. Points are data from the
CMS experiment [29].

can see that the particles coming from the core hadronization
with a radial flow (dotted line) will dominate the flux around
1-2 GeV/c, which is exactly the place where a deficit is
observed when a model without flow (dash-dotted line) is
compared to measured data. The position of the transition
(and as a consequence of the shape of the p; distribution)
depends on the parameter pf" whose best value is 1 GeV/c.
Atlarge p, (>5 GeV/c) the particles which are not completely
absorbed into the high density region after string fragmentation
dominate again.

In fact the effect is already clearly visible in the minimum
bias transverse momentum distribution of identified particles.
In Fig. 14 simulations both with (solid line) and without (dash-
dotted line) core formation can describe the 7 p, spectrum
from [29]. But when the mass increases, the deviation between
the standard hadronization without flow and the data increases,
while the simulations with collective hadronization give a good
result. If we consider strange baryons which has even larger
masses, it can be seen in Fig. 15 that the difference between
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FIG. 15. (Color online) Transverse momentum distribution of
strange baryons (A and E) for |y| < 1 for NSD p-p scattering at
7 TeV. Simulations are done with EPOS LHC with (solid line) and
without (dash-dotted line) core formation. Points are data from the
CMS experiment [36].
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FIG. 16. (Color online) Ratio of particle yield as a function of
transverse momentum for |y| < 1 for NSD p-p scattering at 7 TeV.
Simulations are done with EPOS LHC with (solid line) and without
(dash-dotted line) core formation. Points are data from the CMS
experiment [29].

the two approaches can be as large as a factor of 5 for cascade
particles [36] where the flow effect combines with the yield
effect described in the previous section.

Finally, using the ratios of kaons to pions and protons to
pions as functions of the transverse momentum as plotted in
Fig. 16, it can be clearly seen from data and simulations with
(solid line) and without (dash-dotted line) core formation that
the flow effect takes place only above p, > 1 GeV/c.

IV. HEAVY ION INTERACTIONS

The EPOS model was originally designed for heavy ion
collisions. Even if the retuned LHC version described in
this paper is based on the simplified treatment of collective
hadronization from [25] and not on the more sophisticated
hydrodynamical treatment of [28], it is important to check the
basic distributions for heavy systems.

A. Lead-lead

As explained in Sec. IIC, the so-called AA flow
parametrization reduces cluster masses (and as a consequence
the multiplicity of secondary particles) to increase the mean
transverse momentum of the produced particles. As a conse-
quence, both multiplicity and transverse momentum need to
be taken into account when fixing the parameter y_}.

As can be seen in Figs. 17 and 18, it is possible to achieve
a good description of both the pseudorapidity distribution of
Pb-Pb collisions at 2.76 TeV with various centralities from
the ATLAS and ALICE experiments [37,38] and the nuclear
suppression factor of the most central events as measured by
the ALICE experiment [39] for p, <5 GeV/c. The large
suppression observed in the simulations with EPOs LHC at
larger py is due to a lack of hard scatterings during the initial
stage of the nucleus-nucleus interaction. Indeed the screening
effects used in EPOS [6] for a good description of soft processes
in p-p and A-B scattering affect hard scales the same way
as soft scales. In fact it has been shown now that such an
initial stage suppression of hard processes is not observed in
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FIG. 17. (Color online) 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% to 60%. EPOS LHC
simulations (solid line) are compared to the ATLAS (band) and
ALICE (point) measurements [37,38].

heavy ion data (gamma or Z boson production). This problem
is being solved in the EPOS 3 [16] version (currently under
development).

B. Proton-lead

From p-p and p-Pb data, all free parameters of Eqgs. (4),
(5), and (6) are fixed. The free parameter in Eq. (7) is fixed
in order to have the same flow in p-p and p-A for the same
multiplicity as shown in Fig. 19. Here p-Pb simulations at
5 TeV (dashed line) are compared to data and simulations for
p-p at 7 TeV as in Fig. 12. At low multiplicity we observe
the same flow behavior in p-p and p-Pb by construction [pp
flow parametrization regime from Eq. (8)], but when N, is
higher than about 100 particles, the (p;) does not increase any
more because we enter a different regime with a larger volume,
and we have a transition to the AA flow parametrization [from
Eq. (5)]. Since y* > Via» the latter increases much more

rad

slowly with the multiplicity.
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FIG. 18. (Color online) Nuclear modification factor for charged
particles in the 5% most central events of Pb-Pb collisions at2.76 TeV.
EPOS LHC simulations (solid line) are compared to the ALICE
measurements [39] (points).
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FIG. 19. (Color online) Average transverse momentum {p;) of
identified particles (7, K, and p) as a function of the number of
charged particles for particles with rapidity |y| < 1 in p-p collisions
at 7 TeV (solid line) and p-Pb collisions at 5 TeV (dashed line).
Simulations are done with EPOS LHC including core formation. Points
are data from the CMS experiment [29] for p-p scattering.

To test the model predictions, it is now possible to compare
to p-Pb data. As we can see in Fig. 20, the pseudorapidity
distribution of charged particles from p-Pb collisions at
5.02 TeV as measured by the ALICE experiment [40] is
very well reproduced by EPOS LHC (solid line). The effect
of the core formation on the average multiplicity is very small
(dash-dotted line without core formation). It is a real prediction
since no parameters have been changed to reproduce these
data.

An important test of particle production in nuclear colli-
sions is to study the ratio of the p; distribution in p-A to the
one in p-p normalized by the number of binary collisions. It
is called the nuclear modification factor Rppy. Any deviation
from 1 indicates a nuclear effect. Figure 21 presents the nuclear
modification factor of charged particles from p-Pb collisions at
5.02 TeV measured by the ALICE Collaboration [41] together
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FIG. 20. (Color online) Pseudorapidity distribution of charged
particles from p-Pb collisions at 5.02 TeV. Simulations are done
with EPOS LHC with (solid line) and without (dash-dotted line) core
formation. Points are data from the ALICE experiment [40].
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FIG. 21. (Color online) Nuclear modification factor of charged
particles from p-Pb collisions at 5.02 TeV. Simulations are done
with EPOS LHC, with (solid line) and without (dash-dotted line) core
formation. Points are data from the ALICE experiment [41].

with EPOS LHC simulations. Without core formation (dash-
dotted line) we have a constant R ,p, = 0.5 due to the strong
screening in nuclear collisions in EPOS which reduces the
number of binary collision in the initial state. This effect is im-
portant to get a correct multiplicity but unfortunately the effect
is the same for soft and hard processes, leading to a strong sup-
pression of high p; particles not observed in the data. If the core
formation is used (solid line), the situation improves a lot up to
pe ~ 5 GeV/c but then the strong suppression appears again
(as it should since the flow cannot affect high p; particles).
From the multiplicity measurement it is clear that there
is a relative suppression of low p; particles in p-Pb relative
to p-p and it is now clear that there is no suppression for
pt > 5 GeV/c. But the transition region is dominated by the
flow effect and the R,p, =1 observed for p; > 2.5 GeV/c
has to be interpreted with care because this value is probably
unity by chance. If we compare the R,p;, for different kinds of
particles (light 7° and heavy proton p), we can see in Fig. 22
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FIG. 22. (Color online) Nuclear modification factor for identified
particles 7° (dashed and dash-dotted lines) and proton p (solid and
dashed lines) from p-Pb collisions at 5.02 TeV. Simulations are done
with EPOS LHC with (solid and dashed lines) and without (dotted and
dash-dotted lines) core formation.
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that EPOS predicts that both component will look completely
different: mesons having R,p, < 1 and baryons R,p; > 1
due to the stronger flow on heavy particles. This can be easily
checked with real data, and the effect will be even larger for
multistrange baryons.

V. COMPARISON WITH OTHER MINIMUM
BIAS MODELS

In the following section EPOS LHC is compared to the
PYTHIA generator [2], which is commonly used to describe
hadron-hadron collisions on an event-by-event basis for
cms energies from the SppS to the LHC. The FORTRAN
based PYTHIAG and the newer, C+-+ based PYTHIA8 version
implement very similar soft QCD models; however, the
development of PYTHIAG has stopped and new developments
are only implemented in PYTHIAS8. Inclusive hadron-hadron
collisions are modeled as a superposition of nondiffractive,
single-diffractive, and double-diffractive processes, where
the different processes are mixed according to their cross
sections. The nondiffractive process is calculated at lowest-
order perturbative QCD two-to-two parton scatters, where the
divergence at p, — 0 is regulated via a p min cutoff. Multiple
partonic scatters (MPI) are possible, and their probability is
calculated from the geometrical overlap function of the proton
matter distribution. Both the matter distribution and the py min
cutoff are tuned to describe the minimum bias and underlying
event data at different cms energies. The p; ordered parton
shower algorithm is interleaved with the MPI. A different
shower model using virtuality ordering for the emissions and
an older MPI model is also available in PYTHIA6, but was never
tuned to LHC data. It is therefore not used for comparison.

Fragmentation is implemented via the Lund fragmentation
model with free model parameters tuned to Large Electron-
Positron (LEP) collider data. The production of heavy quarks is
suppressed accordingtou : d : s ~ 1 : 1: 0.3, inspired by the
quark masses. The rate of s§ production is a tunable parameter
which is usually derived from LEP data. Charm and heavier
quarks are not expected to be produced [2].

The hadronization modeling includes a model of color
reconnection [42] which is implemented as re-arrangement of
strings to minimize their length. Tuning of the free parameters
in the color reconnection model yields a very good description
of the relation between mean p; and the charged particle
multiplicity as measured at the LHC at a center-of-mass
energies of 900 GeV and 7 TeV.

Soft diffraction is implemented within a Regge-based
Pomeron model to generate the cross section and the diffractive
mass and momentum transfer [43,44] with some empirical cor-
rections to cover the full phase space [2]. The soft diffraction
model is extended in PYTHIA8 with additional perturbative
Pomeron-proton scattering using HERA diffractive parton
distribution functions (PDFs) [45].

PYTHIA provides the possibility to alter many modeling
details of the phenomenological soft QCD models. A large
variety of tunes to minimum bias and underlying event data
exist to optimize the descriptions. These tunes vary in the
selection of model details, the parton density functions, and
the observables they are tuned to; see [47] for a review of tunes
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FIG. 23. (Color online) ATLAS measurement of the pseudo-
rapidity distribution of charged particles with p, > 500 MeV in
minimum bias collisions [33] compared to PYTHIAG (dashed line),
PYTHIAS (dash-dotted line), and EPOS LHC (solid line) simulations.

and models. PYTHIA in general yields a very good description
of soft QCD effects both in minimum bias data and underlying
event measurements at various center-of-mass energies. In the
following we compare different LHC measurements to three
different setups: EPOS LHC, PYTHIA6 with the AMBT]1 tune
[33] which was tuned to the ATLAS minimum bias data, and
to PYTHIAS8 [48] with tune 4Cx [49] which was derived from
comparison to minimum bias and underlying event data from
LHC. The plots were made using Rivet [50] and are partially
taken from MCPLOTS [51].

Figure 23 shows the charged particle production at LHC at
7 TeV with the requirement that the charged particles have a
minimum p; of 500 MeV. The data are well described by the
PYTHIA6 AMBT1 tune and EPOS LHC, which are both tuned
to these data. It is also interesting to note that the PYTHIAG
AMBT]I tune describes the full  spectrum while the EPOS
LHC tune shows slight deviations towards larger rapidity. The
dependence of the charged particle production on the cms
energy of the collision is tunable in PYTHIA, and this energy
dependence has been derived from comparing to minimum
bias data (and underlying event data for 4Cx) at 900 GeV
and 7 TeV. Good agreement with the data can be reached
for all models also at 900 GeV [51]. This also leads to similar
predictions for the yet unmeasured charged particle production
at the LHC design energy of 14 TeV as shown in Fig. 24.

The slight deviation of PYTHIA8 4Cx in Fig. 23 is caused by
the fact that the model is tuned to simultaneously describe the
underlying event data shown in Fig. 25. This causes a slightly
too high prediction of the particle production in minimum bias
events with the current PYTHIA models. A tune to the LHC
minimum bias data set alone would give better description as
demonstrated in [52]. Figure 25 also shows that EPOS LHC is
not able to describe the soft particle production at the LHC
when a hard scattering process leading to a jet with p, above
~5 GeV is involved. This is again due to the fact that that the
nonlinear effects as implemented in EPOS LHC affect equally
both soft and hard processes. This effect will be corrected in
EPOS 3.
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FIG. 24. (Color online) Predicted pseudorapidity distribution of
charged particles p; > 500 MeV in minimum bias collisions at the
LHC atacms energy of 14 TeV compared with PYTHIAG6 (dashed line),
PYTHIAS (dash-dotted line), and EPOS LHC (solid line) simulations.

Figure 26 shows the same minimum bias data set, but in
this case includes charged particles with lower p;, down to
100 MeV. EPOS LHC is able to describe both data sets with
similar precision, however PYTHIA6 with AMBTI1 shows a
significantly smaller increase in soft particle production than
the data, leading to predictions which are significantly below
the data. PYTHIAS with tune 4Cx describes the data well. It
is worth noticing that the difference between PYTHIA6 and
EPOS increases if we compare the same distribution at 14
TeV; see Fig. 27. The CMS Collaboration performed a first
measurement of the pseudorapidity distribution of charged
hadrons with |n| < 2 at 13 TeV without magnetic field and
showed that EPOS LHC gives a very good description of
these data [53]. Preliminary results from ATLAS confirm this
observation [54].

The angular distribution of the charged particle production
has also been measured, where the angle is measured with
respect to the leading particle. This observable is sensitive
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FIG. 25. (Color online) ATLAS measurement of charged par-
ticles with p, > 500 MeV produced in the underlying event, i.e.,
a region of 60° < |A¢| < 120° around the leading particle [46]
compared to PYTHIAG (dashed line), PYTHIAS (dashed-dotted line),
and EPOS LHC (solid line) simulations.
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FIG. 26. (Color online) ATLAS measurement of the pseudora-
pidity distribution of charged particles p, > 100 MeV in minimum
bias collisions [33] compared to PYTHIAG (dashed line), PYTHIAS
(dash-dotted line), and EPOS LHC (solid line) simulations.

to the emergence of jets or so-called minijets in hadronic
collisions. The ATLAS Collaboration has measured this
distribution with various thresholds for the leading particle py,
ranging from 1.0 to 5 GeV. Figure 28 shows the distribution for
the lowest p; threshold, where EPOS LHC is the only generator
to provide a very good description both of the total amount
and of the shape of the distribution. As the leading particle p;
increases, the description of the data by the PYTHIA models
improves, but has up to 20% deviations close to the leading
particle. The description of the data by EPOS LHC gets slightly
worse for the higher p; thresholds, but is always within 10%.

The p; spectrum of particles in minimum bias events is
particularly sensitive to collective flow effects and has been
measured by the ATLAS and CMS Collaborations [33,55].
As shown in Fig. 29, both PYTHIA variants have problems
describing the p; spectrum above ~2 GeV, despite the effort to
tune to these distributions, it seems that the PYTHIA tunes miss
an aspect to get a high precision description of these spectra.
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FIG. 27. (Color online) Predicted pseudorapidity distribution of

charged particles p, > 100 MeV in minimum bias collisions at the
LHC at a cms energy of 14 TeV compared to PYTHIA6 (dashed line),
PYTHIAS (dash-dotted line), and EPOS LHC (solid line) simulations.
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FIG. 28. (Color online) ATLAS measurement of the angular
distribution of charged particle production with respect to the
leading charged particle with p, > 1 GeV [46] compared to PYTHIAG
(dashed line), PYTHIAS (dash-dotted line), and EPOS LHC (solid line)
simulations.

The EPOS LHC tune describes this spectrum well due to the
core with its collective flow; see Fig. 13.

The transverse energy flow, which is sensitive to both the
charged and neutral charged particle production, at the LHC
has also been measured by the ATLAS Collaboration [56] over
the full acceptance range of the detector as shown in Fig. 30.
While all models predict a too fast decrease of the transverse
energy in the forward region compared to the central region,
EPOS LHC describes the data well up to || = 4.5. The AMBT1
tune describes the data well in the central region where it
was tuned, however only to the charged particles. Apparently
the neutral particle production is equally well described
by the model. However, in the forward region starting at
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FIG. 29. (Color online) ATLAS measurement of p, of charged
particle produced in minimum bias collisions at 7 TeV [33] compared
to PYTHIAG (dashed line), PYTHIA8 (dash-dotted line), and EPOS LHC
(solid line) simulations.
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FIG. 30. (Color online) ATLAS measurement of  E, as a
function of pseudorapidity n in minimum bias events at 7 TeV [56]
compared to PYTHIAG (dashed line), PYTHIA8 (dash-dotted line), and
EPOS LHC (solid line) simulations.

In] = 2.4, AMBT]1 significantly undershoots the data and the
disagreement increases towards the forward direction. Tune
4Cx shows a |n| dependence similar to AMBT1; however, due
to the slightly higher predictions of particle production with
pr = 500 MeV as discussed above, it is slightly high in the
central region here and is slightly closer to the data in the
forward region.

The pseudorapidity gap distribution in minimum bias
collisions at 7 TeV has been measured by the ATLAS
Collaboration [57]. The cross sections have been measured
differentially in terms of An”’, the larger of the pseudorapidity
regions extending to the limits of the ATLAS acceptance, at
n = £4.9, in which no final state particles are produced above
a transverse momentum threshold p . At small Ant the
data test the reliability of hadronization models in describing
rapidity and transverse momentum fluctuations in final state
particle production. The measurements at larger gap sizes are
dominated by contributions from the single diffractive disso-
ciation process (pp — Xp), enhanced by double dissociation
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FIG. 31. (Color online) ATLAS measurement of the pseudora-
pidity gap An” for particles with p .« > 400 MeV in minimum bias
events at 7 TeV [57] compared to EPOS LHC (solid line), PYTHIAG
(dashed line), and PYTHIA8 (dash-dotted line) simulations.
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FIG. 32. (Color online) CMS measurement of strange particles
(K2, A% and EF) yields as a function of rapidity in NSD events at
7 TeV [36] compared to EPOS LHC (solid line), PYTHIAG (dashed
line), and PYTHIAS8 (dash-dotted line) simulations.

(pp — XY). Figure 31 shows the rapidity gap distribution
with a picoe = 400 MeV. All models describe the small gap
region very well, but both PYTHIA tunes overpredict the large
gap region where diffractive processes contribute significantly.
EPOS LHC, which is tuned to the diffractive cross sections
measured at lower energies (SPS) describes this distribution
very well.

The EPOS model extensions are also sensitive to the rate and
p; of identified particles [29,36,58], including also particles
with strange quarks. Figure 32 shows the rate predictions
for A, E, and K, particles as measured by the CMS
Collaboration [36]. Both PYTHIA models describe the LEP
data on fragmentation well, but apparently fail to describe
these LHC data. The same problem is observed with ALICE
data on multistrange baryon production [59]. EPOS LHC is
able to describe both production results (LEP and LHC)
over the full rapidity range due to its statistical hadronization
effects combined with string fragmentation. The description
of the p; spectra in Figure 33 is similar: PYTHIA models show
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FIG. 33. (Color online) CMS measurement of transverse mo-
mentum distribution of strange particles (K, A%, and E*) in NSD
events at 7 TeV [36] compared to EPOS LHC (solid line), PYTHIAG
(dashed line), and PYTHIA8 (dash-dotted line) simulations.
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significant deviation while EPOS LHC reproduces nicely the
data which is attributed to its implementation of collective flow
effects.

VI. SUMMARY

After a short presentation of the main ingredients of
the EPOS 1.99 model and in particular the possibility of
hadronizing part of the secondary particles including some
collective effects, the new flow parametrization implemented
in EPOS LHC was described. The main change is that the
flow intensity depends only on the total mass of the high
density core produced by the overlap of string segments due to
multiple parton interactions (MPI in p-p) or multiple nucleon
interactions (MNI dominating in A-B). Since the volume, and
as a consequence the speed of the core expansion, is very
different in p-p and A-B, this allows two different flow
parametrizations to be used for the two different systems.
In the case of p-A interactions a smooth transition is used
depending on how the core is created (from MPI or MNI). The
core decay does not follow usual string fragmentation rules
but corresponds to a statistical decay. In addition to the flow,
which will have a strong impact on transverse momentum
distributions, the particle ratios are modified. In particular,
multistrange baryon formation is favored compared to string

PHYSICAL REVIEW C 92, 034906 (2015)

fragmentation. Comparing EPOS LHC to various LHC data,
it is demonstrated that this approach provides a very good
description of p-p, p-Pb, and Pb-Pb data.

A comparison of the EPOS LHC tunes and different PYTHIA
tunes to different LHC measurements was also performed.
Similar good agreement can be reached for the pseudorapidity
distribution of charged particles and the correlation between
mean p; and multiplicity in the minimum bias events. Sig-
nificant differences are observed in the p; spectrum where
the EPOS model describes the data well due to its correlated
flow treatment, whereas PYTHIA, which lacks such a model,
shows up to 20% deviations. The rate and p; spectra of
the identified particles are well described by EPOS, while
significant deviations are observed in PYTHIA. The amount
of strange particles is related to the statistical decay in
EPOS which can easily create strange quarks at this rate
without changing string hadronization constrained by LEP
data.

The core formation, including a transverse flow, is also a
key point needed to describe in detail even minimum bias
p-p data. These effects cannot be neglected in particular in
p-Pb scattering where final state interactions are even more
important than in p-p. As a consequence any analysis using
particles with p; < 5 GeV/c should be interpreted with care
since even p-p data may include final state interactions.
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