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We present a systematic study of the strange and multistrange particle production in Pb + Pb collisions at
/Svy = 2.76 TeV based on PACIAE model simulations. Two different mechanisms, namely the single string
structure variations and multiple string interactions, are implemented in the simulations. These modifications
give rise to an enhancement of the string tension value involved in the Lund string fragmentation framework
and generate more strange particles in the hadronic final state. By comparing the simulation results with the
ALICE experimental data, it turns out that the inclusion of the variable effective string tension in the PACIAE
model results in an improved agreement between theory and experiment on the strangeness production in Pb +

Pb collisions.
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I. INTRODUCTION

The study of strange and multistrange particle production
in relativistic heavy-ion collisions is an important tool to
investigate the properties of the created strongly interacting
QCD system called quark-gluon plasma (QGP). The enhance-
ment of strangeness in heavy-ion collisions was one of the
earliest proposed signals of QGP formation. For hadronic
scattering in vacuum, the strangeness content in the created
particles is much smaller compared to the lighter components
due to the mass suppression effect in the particle productions.
The mass of the strange quark is close to the deconfinement
temperature needed to create QGP matter, allowing for the
thermal production of strange quarks and also favoring the
formation of multistrange hadrons [1,2]. As the lifetime of the
QGP is estimated to be long enough for the full equilibration
of strange quarks, a higher abundance of strangeness produc-
tion per participant pair is expected in heavy-ion collisions
than what is seen in proton-proton interactions. The ALICE
Collaboration reported a series of surprising strangeness en-
hancement observations in small collision systems like pp
and pA [3-5]. They measured the yield ratios of multistrange
hadrons to charged pions as a function of multiplicity. These
ratios are found to grow rapidly with multiplicity in pp
collisions, and reach values close to ones in Pb + Pb collisions
at full equilibrium in high multiplicity pPb collisions. It is
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interesting to notice that the strangeness-to-pion ratios do not
depend on the energy and size of the collision system.

Different models try to interpret this universal strangeness-
to-pion ratio as a function of the event multiplicity. The
THERMUS statistical hadronization model suggests that the
suppression of strange hadron production in pp may come
from the explicit conservation of strangeness quantum number
based on the canonical approach [6]. The EPOS model [7]
assumes that QGP matter is partly formed in pp collisions,
treating the interactions based on a core-corona approach. The
DIPSY model [8] employs the color ropes mechanism [9,10]
taking into account the color interactions between overlapping
strings and usually can reasonably describe the hierarchy of
strangeness production. Other interesting extensions to the
Lund string fragmentation model considering the thermody-
namic features of strings in a dense environment [11] are
implemented in PYTHIA8 [12] for data comparison as well.
While various models can describe some key features of the
data, the fundamental origin of enhanced strangeness produc-
tion is still largely unknown. It suggests further developments
are needed to reach a complete microscopic understanding
of strangeness production in small systems and to identify
whether such mechanisms would contribute to the observed
effects in heavy-ion collisions.

In Ref. [13], we introduced an effective string tension
stemming from the single string structure and multiple string
interaction to reduce the strange quark suppression in pp
collisions based on the tunneling probability in the Lund
string fragmentation regime. These two mechanisms are im-
plemented in the PACIAE Monte Carlo event generator [14] to
study the strange hadron production in /s = 7 TeV pp colli-
sions. We find that the inclusion of variable effective string
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tension yields an improved agreement between theory and
experiment, especially for the recently observed multiplicity
dependence of strangeness enhancement in pp collisions.
This approach provides us a new method to understand the
microscopic picture of the novel high multiplicity pp events
collected at the CERN Large Hadron Collider (LHC) in the
string fragmentation framework. In this work, we will extend
this framework to describe heavy-ion collisions and study
the strange and multistrange particle productions in Pb + Pb
collisions at \/syy = 2.76 TeV.

II. MODEL SETUP

The PACIAE model is based on parton initial states gen-
erated by PYTHIA convoluted with the nuclear geometry im-
plemented via the Glauber model [15]. The partonic rescat-
tering is introduced after the creation of parton initial condi-
tions, while the hadronic rescattering may happen after the
hadronization of QCD matter. Thus, the PACIAE model can
be employed to simulate a wide range of collision systems,
from nucleon-nucleon collision systems to nuclear-nuclear
collision systems. We give more detailed information about
the PACIAE model in [14].

In this paper we extend the effective string tension ap-
proach to the description of nuclear-nuclear collisions by
assuming that the parametrization for single string structure
is the same as that in pp collisions. Therefore the parameter-
ized effective string tension responsible for the single string
structure is given as

Ko = Ko(1 — &)™, ey

where ko is the pure ¢g string tension, usually set
to 1 GeV/fm, a is a parameter to be tuned with experimental
data, while & can be parametrized as
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with k; being the transverse momentum of the gluons inside
a dipole string. /s and /sy give the mass of the string
system and a parameter related to the typical hadron mass,
respectively. The quantity £ quantifies the difference of a
gluon wrinkled string compared to a pure ¢4 string, assum-
ing the fractal structure of a string object is dominated by
the hardest gluon on the string. (1 —£)~! in Eq. (1) thus
describes the multiplicity enhancement factor of the hardest
gluon compared to the rest of the string component and can be
related to the string tension with a scaling formula. The value
of this string tension changes on a string-by-string basis in the
current implementation and takes the stringwise fluctuations
into consideration.

The multiple string interaction effects arising from the
correlation of strings overlapping in a limited transverse space
are parametrized in a way similar to the close-packing strings
[11] in pp collisions, as follows:

nypr — 1 )r
— . 3
1 +p%"ref/p(2)

@

m __
Keff = K0<1 +

6 \ \ \ \

part

Pb+Pb at / SaN = 2.76 TeV

coll
w

[

|

17 -

\ \ \ \ \ \ \
00 10 20 30 40 50 60 70 80

centrality (%)

FIG. 1. Ncoi/Npar varying with the collision centrality.

In heavy ion collisions, the multiple string interaction effects
will be stronger than in pp collisions, due to the enhanced
string density generated with multiple nucleon-nucleon colli-
sions. Thus, we extend Eq. (3) to

Neol r
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Noart MPI )

9
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Kl = Ko (1 + ()]
in which nyp; indicates the number of multiple parton inter-
actions in one nucleon-nucleon collision. N o is the number
of binary collisions and Np, is the number of participant
nucleons in a nuclear-nuclear collision. Other parameters
are chosen to be pzTref/p% =1, r = 0.2, the same as in pp
collisions [13].

Additionally, the stringwise single string structure and
eventwise multiple string interaction effects can be combined
together by replacing the ko in Eq. (4) with ;. Assuming
ko = 1 GeV/fm, one can derive a combined effective string
tension as a product of the two:

Ne r
Tinppr — 1
stJfrm _ stf 1 + part . 5
e el
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The factor of Neoi1 /Npare introduced in Eq. (5) amplifies the
multiple string interaction effects and delivers the variational
string tension at high multiplicity for nuclear-nuclear colli-
sions. Figure 1 shows the ratio of Neoy t0 Npay varying with
collision centrality from the PACIAE calculations. This term
accounts for the major system size dependence effect in our
effective string tension approach.

In the Lund string fragmentation regime, the following
parameters are expected to evolve according to the change of
the effective string tension:

(1) PARIJ(1) is the suppression of diquark-antidiquark
pair production compared to the quark-antiquark pro-
duction,

(i) PARIJ(2) is the suppression of s quark pair production
compared to the u or d pair production,
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FIG. 2. Pion (a) and proton (b) midrapidity particle yields d[T]\){il\kaS varying with (Np,) in Pb + Pb collisions at /syy = 2.76 TeV for
different string environments: constant string tension («y, solid line), single string structure (kJ;, dashed line), multiple string interaction (k[

s+m

dash-dot-dotted line), single+multiple string environment (k. ;™, dash-dotted line), as well as the single+multiple with a zero approximation
of PARJ(2) and PARJ(3) enlarged to 1.5 times the corresponding default values (Kéftm(*), dotted line). The experimental data are denoted as

crosses and are taken from [16].

(iii) PARJ(3) is the extra suppression of strange diquark
production compared to the normal suppression of
strange quark production,

(iv) PARJ(21) (denoted by o) corresponds to the width
o in the Gaussian p, and p, transverse momentum
distributions for primary hadrons.

These Lund string fragmentation parameters can be related
to the effective string tension through a scaling function
implied by the tunneling probability:

ﬂ

=27, (6)
where A refers to PARJ(1) or PARJ(2) or PARJ(3) etc. In the
above equation, Kfff represents the string tension in vacuum
(usually assigned with «§T =1 GeV/fm) and A; shows the
corresponding fragmentation parameter values. 5" gives the
effective string tension taking into account the string tension
variation impacts. The fragmentation parameter A, will be en-
larged when the effective string tension x5 becomes greater
than «¢™. Similarly, the fragmentation pr width PARJ(21)

varies with the effective string tension as

et 172
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In the rest of the work, we will focus on the comparison
of our PACIAE calculations to the ALICE Pb + Pb 2.76 TeV
data and study the variational string tension effects on the
centrality dependence of strange hadron productions. In order
to describe the midrapidity charged particle yields ‘;—];"' liyi<0.s
of ALICE experimental results [16] by the PACIAE model,
three parameters are tuned: PARP(31) = 2.7 (K factor) for
the hard scattering cross sections, PARJ(41) = 1.7 («), and
PARJ(42) = 0.09 (B) in the LUND string fragmentation func-
tion. The PACIAE model gives midrapidity particle yields

%||v\<0.5 for 7™ =722.5 and 7~ = 722.2 for the 0-5%

centrality case, consistent with the corresponding ALICE data
7t =733 454 and 7~ = 732 £ 52. These parameters were
fixed for the simulation of other event centralities. The other
fragmentation parameters modified by the effective string
tension are determined with the reference values PARJ(1) =
0.1, PARJ(2) = 0.3, PARJ(3) = 0.4, and PARJ(21) = 0.85 in
the vacuum.

III. RESULTS

To investigate the influence of different effective string
tensions, on the strangeness production in Pb 4+ Pb collisions
at \/syny = 2.76 TeV, we first perform an examination on the
mean participant number dependence of the charged pion and
proton yields in Fig. 2. Model predictions with the default
string tension ko, single string structure kJ, multiple string
interactions k[, the combination « ", and I{é;'f_m(*) with 1.5
times enlarged default parameters of PARJ(2) and PARJ(3)
are shown as the solid, dashed, dash-dot-dotted, dash-dotted,
and dotted curves, respectively. ALICE data are indicated by
the red markers [16]. The results indicate scenarios with larger
string tension, in which strings become more difficult to break
up, generally producing fewer pions and protons. The impacts
on pion or proton multiplicity can be as large as 30%, varying
from ko to k3t™. It is noticeable in this figure that the pion
experimental data can be mostly described with the standard
string tension k, especially in the most central collisions. On
the other hand, the proton yield from the model calculation
is overestimated even with the largest string tension 5",
although the inclusion of enlarged string tension does provide
a better description. This meson and baryon discrepancy of
the model calculation indicates that some other mechanisms
also play an important role, especially in the baryon sector,
calling for further investigation.

In Fig. 3, we show a comparison to ALICE data of the sim-
ulation results for particles with different strangeness number
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FIG. 3. Integrated strange and multistrange midrapidity yields, dN/dy, varying with the (M) in Pb + Pb collisions at /syy = 2.76
TeV: KS (a), A (b), E (c), and 2 (d). Five different string environments are shown: ko, solid curve; «Z;, dashed curve; ;, dash-dot-dotted
curve; Ke’ff’", dash-dotted line; and K;;f""(*), dotted curve. The experimental data for K;’ and A are taken from [17]; those for E and 2 are taken

from [18].

dependent on (Np,y). All the strange particle productions are
found to be enhanced with the inclusion of increased effective
string tension. As can be seen in Fig. 3(a), K calculation
with kg is consistent with data in peripheral collisions, while
larger effective string tension is needed especially for the most
central collisions, comparing with the ALICE measurement
[17]. The impact of effective string tension on the strange
baryon production is much more pronounced than that on K.
In the strange baryon comparisons, the slope change due to
effective string tension shows a clear hierarchy depending on
the strangeness number. The change of the slope from the
minimum effective string tension (k() to the maximum one

(&™) in A production is the smallest, while the Q slope

eff
changes most dramatically from «q to K;ftf'"(*) environments.

The multiple string interaction (k) seems to be important to
fit the A result in these comparisons [17]. The E result [18]
can be described reasonably with the calculation based on the

K™ assumption. However, for Q productions [18], one will

need to increase the reference values of PARJ(2) and PARJ(3)
by a factor of 1.5 to describe the data considering both
single string structure variation and multiple string interaction
effects on (1" ™).

Aside from examining the integrated yield of particles as a
function of the (Npa), it is also of great interest to understand
the relative production of strange particles. Figure 4 shows
strange particle relative to w production for K_g, A, E, and
Q. It is obvious to see that these ratios strongly depend on
the choice of the string tension assumptions. For the situation
with large effective string tension, the strange-to-pion ratios
are significantly enhanced. The magnitude of enhancement is
related to the strangeness number. The factor of enhancement
is found to be larger for the multistrange baryons. On the other
hand, it is also a bit surprising to see that the strange-to-pion
ratios are almost independent of (Np.) in each case. This
behavior can be understood with the scaling feature of our
two string tension variation mechanisms. For the single string
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FIG. 4. Ratio of strange and multistrange particles to pions varying with the (Ny) in Pb + Pb collisions at ,/syy = 2.76 TeV. Five

s4m(x)

different string environment are shown: ko, solid curve; kJ;, dashed curve; «/j;, dash-dot-dotted curve; K;f?”, dash-dotted curve; and «;"",
dotted curve. The ALICE data are denoted as crosses and are taken from [16—18].

structure, it is mostly energy dependent and has no strong
correlation with (Np). For the multiple string interaction, the
effective string tension changes rather slowly with Ny, as r
is 0.2 in Eq. (4) leading to a mild growth of the system size.
By combining these two effects, the magnitude of effective
string tension may change significantly with different string
tension assumptions, but does not rely on the event centrality.
The weak Ny, dependence of multistrange-to-pion ratios in
the heavy ion collision system provided by these model imple-
mentations is qualitatively confirmed by the ALICE data. This
comparison implies that the effective string tension approach
can be an essential phenomenological tool to understand the
origin of the strangeness enhancement effect.

IV. DISCUSSIONS AND CONCLUSIONS

We provide a systematic study of the strange particle
productions in high energy Pb + Pb collisions based on
the variational effective string tension approach in PACIAE.
In the comparison of integrated particle yields, the ef-
fects of string tension variations are found to be impor-

tant to describe the (M) dependence, especially for the
multistrange hadrons. The slope change due to effective
string tension shows a clear hierarchy depending on the
strangeness number.

The strange particles relative to 7w production are studied
as well. PACIAE model simulations elucidate that, for dif-
ferent string tensions, the ratios are generally larger with
stronger effective string tension. However, for each string
tension assumption, the strange-to-pion ratios are rather flat
across different event centralities, which is consistent with
the observations in the ALICE data. We have also noticed
that a more satisfying description, especially in the baryon
production, might be difficult to reach within the current
parameter space based on the tunneling mechanism in the
string fragmentation framework. Other mechanisms like the
string fusion [19], parton percolation [20], core-corona [21],
and quickly varying electric field effects [22] can be important
to account for some of the discrepancy in the proton-to-pion
ratio in our current model. We will leave the coherent com-
parisons of different model ingredients in that respect to our
future work.
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Our findings in this work suggest tat the effective string
tension approach implemented in PACIAE can provide the
qualitative feature of the enhanced strange particle production,
which has been considered to be a defining signal for QGP
creation in heavy ion collisions for a long time. The imple-
mentation of this framework in PACIAE will pave the way for
a new perspective to understand the strangeness enhancement
effect observed in nuclear collisions.
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