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Centrality and energy dependence of rapidity
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correlation patterns in relativistic heavy ion collisions
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Abstract: The centrality and energy dependence of rapidity correlation patterns are studied in Au+Au
collisions by using AMPT with string melting, RQMD and UrQMD models. The behaviors of the short-
range correlation (SRC) and the long-range correlation (LRC) are presented clearly by two spatial-position
dependent correlation patterns. For centrality dependence, UrQMD and RQMD give similar results as those
in AMPT, i.e., in most central collisions, the correlation structure is flatter and the correlation range is larger,
which indicates a long range rapidity correlation. A long range rapidity correlation showing up in RQMD and
UrQMD implies that parton interaction is not the only source of long range rapidity correlations. For energy
dependence, AMPT with string melting and RQMD show quite different results. The correlation patterns in
RQMD at low collision energies and those in AMPT at high collision energies have similar structures, i.e. a
convex curve, while the correlation patterns in RQMD at high collision energies and those in AMPT at low
collision energies show flat structures, having no position dependence. Long range rapidity correlation presents
itself at high energy and disappears at low energy in RQMD, which also indicates that long range rapidity
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correlations may come from some trivial effects, rather than the parton interactions.
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1 Introduction

Correlations are powerful tools for exploring the
complex dynamical mechanisms of multi-particle sys-
tems. For example, the momentum correlation be-
tween identical particles gives the shape of the emit-
ting source [1], the power law behavior of the cor-
relation strength with diminishing correlation length
implies a self-similar multifractal [2], the narrowing of
balance function gives hints for quark gluon plasma
(QGP) formation [3], the measurement of forward-
backward rapidity correlation supports parton-parton
interactions in heavy ion collisions [4], and so on.

Various definitions of correlation appear one after
another. Most of them care about the behaviors of
the correlation strength with the correlation length,
like those just mentioned above. The correlation ob-
servables having the same correlation length but dif-
ferent spatial positions are averaged [2, 5]. The spa-
tial position dependence of correlations is therefore
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neglected, and the space structure of the correlations
is smoothed out by this average procedure.

Different from the traditional measures, two
spatial-position dependent correlations, i.e. neighbor-
ing bin and fixed-to-arbitrary bin correlation pat-
terns, are suggested [6], which can reflect the depen-
dence not only on the correlation length but also on
the spatial position. The definition is

<nm1 nmz >

(P ) (1)

Crnyymy = -1, (1)
where m; and m, are the positions of two bins in
phase space and n,, is the multiplicity in mth bin. If
we let m; = m and my = m + 1, C,, 1 becomes
the neighboring bin correlation pattern. If we fix m;
at mo, and let my=m be arbitrary, C,,, .. becomes
the fixed-to-arbitrary bin correlation pattern.

The position dependence of rapidity correlation
patterns has been studied by using PYTHIA for p+p
collisions, AMPT and RQMD for Au+Au collisions,
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respectively, at /syn=200 GeV [7, 8]. The position
dependence of correlation in both nucleon-nucleon
collision and nucleus-nucleus collision are observed.
Results show that the rapidity correlation patterns
in p+p collision and Au+Au collision are quite dif-
ferent. For Au+Au collisions, models with different
particle production mechanisms give different corre-
lation patterns, which indicates that the correlation
patterns are sensitive to particle production mecha-
nisms.

It is also argued in Ref. [6] that if QGP is formed
in a relativistic heavy ion collision, the correlation
between final state particles is expected to extend to
larger space, and the correlation will be less depen-
dent on the positions of the bins. Based on this argu-
ment, the position dependence of rapidity correlation
patterns in central collisions in AMPT [8] shows a flat
structure, which supports the QGP formation.

On the other hand, experiment at relativistic
heavy ion collider (RHIC) observed long range rapid-
ity correlation in central Au+Au collisions through
the measurements on forward-backward multiplicity
correlation [4] and the relative correlations of particle
pairs on the difference variables An (pseudorapidity)
and A¢ (azimuth) (a elongated peak at nearside, usu-
ally called ridge) [9]. The dual parton model (DPM)
and the color glass condensate (CGC) argue that the
long range rapidity correlations observed are due to
multiple parton interactions. Another model called
PACIAE based on parton and hadron cascade can
also give the long range rapidity correlation in central
collision [10]. It supports that the long range rapidity
correlation originates from parton interaction.

In this paper, we use the correlation patterns to
further study the position dependence of rapidity cor-
relation in different underlying dynamical models,
so as to try to understand the correlation patterns
from different physical mechanisms, as well as the
source of the long range rapidity correlation. In Sec-
tion 2, the centrality dependences of rapidity correla-
tion patterns by using different Monte Carlo models
AMPT, RQMD and UrQMD are compared and dis-
cussed. By the way, the energy dependences of rapid-
ity correlation patterns, from energy /syn=200 GeV
to 7.7 GeV, are discussed in Section 3. A summary
is given in Section 4.

2 Centrality dependence of rapidity
correlation patterns

2.1 Brief introduction to monte carlo models

AMPT (a multi-phase transport model) [11]

includes parton and hadron interactions. In this
paper, we choose AMPT with string melting (ver-
sion 2.11) in which an excited string fragments to
partons. RQMD (relativistic quantum molecular dy-
namical model) [12] is a hadron-based transport
model. A hadron rescattering mechanism can be
conveniently switched on or off. We choose RQMD
with re-scattering. UrQMD (ultra-relativistic quan-
tum molecular dynamical model) [13] is a transport
model based on the same principles as RQMD, but
it incorporates vastly extended collision terms with
full baryon-antibaryon symmetry, 55 baryon and 32
meson species. Isospin is explicitly treated for all
hadrons. The three models have different physical
mechanisms and will be helpful for us to understand
the correlation patterns from different physical mech-
anisms.

2.2 Centrality dependence

Figure 1 shows the centrality dependence of ra-
pidity correlation patterns for Au+Au collisions at
v/sxn=200 GeV. Due to the existing data samples,
rapidity is used for AMPT and RQMD, pseudorapid-
ity is used for UrQMD. We choose all charged par-
ticles in the (pseudo)rapidity range [—3, +3]. The
(pseudo)rapidity range is divided equally into 30 bins.

In the upper panels of Fig. 1, the results of AMPT
with string melting are shown. It is observed that
the correlation strength decreases as the Au+Au col-
lisions become more and more central, and correla-
tion patterns become less dependent on the positions
of the bins. These correlation patterns are consistent
with those generated by AMPT with string melting at
the same collision energy /sxn=200 GeV in Ref. [8],
which are the expected correlation patterns if QGP
is formed, as argued there. However, in the middle
panels and lower panels of Fig. 1, the RQMD and
UrQMD results are in exactly the same trend as those
observed in AMPT with string melting, i.e. the cor-
relation patterns become smaller and flatter in cen-
tral collisions. As we introduced above, RQMD and
UrQMD are hadron based transport models, where
parton interaction is absent. So, little position depen-
dence of correlation patterns does not require parton
interaction, or the formation of QGP, in contrast to
the conclusions from the models with QGP [8, 10]
and data [4].

The behaviors of SRC are reflected in the neigh-
boring bin correlation patterns, shown in the first col-
umn of Fig. 1. It is observed that SRC is the strongest
in the central rapidity region (y=0), and drops slowly
from the central to edge rapidity. SRC also drops
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Fig. 1. (Color online) The neighboring bin and the fixed-to-arbitrary bin (pseudo) rapidity correlation patterns

for Au+Au collisions at /snn=200 GeV in several centralities. The upper panels are correlation patterns
from AMPT with string melting, the middle panels are from RQMD and the lower panels are from UrQMD
for comparison. Centrality is selected by the impact parameter.

from peripheral to central collisions and falls to a min-
imum in most central events.

In the other three columns of Fig. 1, the fixed-
to-arbitrary bin correlation patterns are shown, with
a fixed bin in the edge rapidity, mid rapidity and
central rapidity. For example, if the rapidity range
[-3, +3] is divided equally into 30 bins, the fixed
bins in Ceqge,m, Cmid,ms Cecentral,m are bins 1, 8, 15,
corresponding to y = —2.9, y = —1.5, y = —0.1, re-
spectively. We observe that the correlation patterns
change with both correlation length and bin position.
As the collisions become more and more central, the
correlation patterns become more and more flat, and
the correlation range is extended further and further,
i.e. long range rapidity correlation appears in the
central collisions. As discussed in Section 1, the dual
parton model and the color glass condensate [4] ar-
gued that long range rapidity correlation is caused
by the interactions at parton level. Our results from
RQMD and UrQMD again reproduce the LRC. So the
interaction at parton level is not the unique source

of long range correlation; the rescattering and trans-
portation at hadron level can lead to the long range
rapidity correlation as well.

On the other hand, the centrality dependence of
rapidity correlation patterns

<nm1 nm2> — <nm1 > <nm2>
(Mg ) (P )

from the models show opposite trend to forward-
backward multiplicity correlations
(NeNy) — (Ne) (NVp)

(NE) = (Ne)?
from experiment [4]. Experimental results show that
the more central the collision, the stronger the cor-
relation, while the results from AMPT, RQMD and
UrQMD demonstrate that the more central the col-
lision, the smaller the correlation. It is difficult to
understand the reason at first glance. In fact, the
correlation strength from two measures cannot com-
pare because they are normalized differently, i.e. the
first is normalized by the average while the latter is

le sM2 =

b:
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normalized by dispersion. The average of multiplicity central rapidity region (y=0) and drops from the cen-

grows quickly from peripheral to central while the nu- tral to edge rapidity, i.e. SRC strongly depends on

merator may vary slowly, which leads to the decrease the bin positions. As the energy decreases, the mag-

in correlation observable from peripheral to central. nitude of SRC also drops. When arriving at 7.7 GeV,

a nearly flat correlation structure is presented, which

3 Energy dependence of rapidity cor- means that SRC becomes not dependent on the bin

relation patterns positions. In RQMD it is quite different. SRC shows

a flat structure at high energy, having no dependence

We choose all charged particles for Au+Au colli- on the positions of the bins, and changes to a nar-

sions. The rapidity ranges used are listed in Table 1. row distribution at low energy, becoming obviously
Then the rapidity range is divided equally into several dependent on the positions of the bins.

bins. In the other three columns of Fig. 2, the fixed-to-

arbitrary bin correlation patterns are shown, with the
fixed bin in the edge, mid and central rapidity. The
correlation structures also show collision energy de-

Table 1. Beam rapidity and the rapidity range
used in this analysis.

colliding ;zggrgy/ GeV bean; ;:;r;ldlty rapl(d_l;}: ;?nge peI.ldence and are still sensitiv? to models. .It is inter-
62.4 (60) 4.134 (4.084) (=3, 3) esting to see that the correlation patterns in RQMD

77 9.024 (-1.8, 1.8) at low collision energies are similar to those in AMPT

at high collision energies, i.e. a convex curve shows

The results are shown in Fig. 2. The behaviors strong position dependence. In contrast, the correla-

of SRC are reflected in the neighboring bin correla- tion patterns in RQMD at high collision energies and
tion patterns, shown in the first column in Fig. 2. In those in AMPT at low collision energies both show

AMPT, at high energy, SRC is the strongest in the | flat structures and have no position dependence.
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Fig. 2. (Color online)The neighboring bin and the fixed-to-arbitrary bin rapidity correlation patterns for
minibias Au+Au collisions at several energies. The upper panels are correlation patterns from AMPT; the
lower panels are from RQMD for comparison.

In order to clearly show how the correlation ‘ Clentral,m decreases with Ay. As the energy de-
strength changes with the correlation length, we plot creases, the correlation strength also drops. At en-
the variation in Ceeptrar,m With Ay in Fig. 3. Ceentral,m ergy /snn=7.7 GeV, the correlation becomes flat.
presents the correlation of the central rapidity-bin However, we cannot make some statements about the
(y=0) to another rapidity-bin, Ay denotes the corre- correlation length even though it exhibits a flat struc-
lation length. This time we see clearly that Ceentral,m ture and may have a further correlation range since
shows dependence on correlation length in AMPT the rapidity range at low energy is cut.

at high energy ,/syn=200 GeV, ie. the value of In RQMD, from 200 GeV to 7.7 GeV, the cor-
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relation patterns become more and more narrow in
rapidity phase space and the correlation range gradu-
ally diminishes. Long range correlation presents itself
at high energy and disappears at low energy. The ori-
gin of LRC in RQMD at high energy is still unknown.
Anyhow, it is not parton interaction.
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Fig. 3. The variation in Ceentral,m with Ay for

Au+Au by AMPT and RQMD.

For the strength of correlation, in Fig. 3, AMPT
exhibits larger SRC (see the value near Ay = 0) at
high energy than low energies, while in RQMD a
nearly constant value of SRC is shown at all ener-
gies.

4 Summary

We study the centrality and energy dependence
of rapidity correlation patterns in Au+Au collisions
by using AMPT with string melting, RQMD and
UrQMD models. The centrality dependences of ra-
pidity correlation patterns in UrQMD and RQMD
are similar to those in AMPT with string melting, i.e.
in most central collisions the correlation structure is
flatter and the correlation range is larger, which in-
dicates a long range rapidity correlation. This shows
that the interaction at the parton level is not the only
source of long range rapidity correlations.

The behaviors of the energy dependence of rapid-
ity correlation patterns are quite different in AMPT
with string melting and RQMD. The correlation pat-
terns in RQMD at low collision energies and those in
AMPT at high collision energies have similar struc-
tures, i.e. a convex curve, while the correlation pat-
terns in RQMD at high collision energies and those in
AMPT at low collision energies show flat structures
and have no position dependence. The narrowing of
correlation patterns in RQMD at low collision ener-
gies shows that SRC is dominant, while in RQMD at
high collision energy the long range correlation shows
up. This implies that long range rapidity correlations
may come from some trivial effects, rather than the
parton interactions.

We also discuss the difference between C,,, ., and
b. C,,, ,m, measuring the correlation between two ar-
bitrary bins in the phase space while b focuses on
two symmetric bins with respect to y =0. Although
they have the same measure at the numerator, the
denominators are quite different, which leads to the
different energy and centrality dependence.

We express our gratitude to Wang Mei-Juan and
Wu Ke-Jun for helpful discussions, and Zhou You
and Li Na for sharing the data sample.
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