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Method for the analysis of forward-backward multiplicity correlations in heavy-ion collisions
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In heavy-ion (A-A) collisions, the correlations among the particles produced across a wide range in rapidity
probe the early stages of the reaction. The analyses of forward-backward multiplicity correlations in these
collisions are complicated by several effects, which are absent or minimized in hadron-hadron collisions. This
includes effects, such as the centrality selection in the A-A collisions, that interfere with the measurement of the
dynamical correlations. A method that takes into account the fluctuations in centrality selection has been utilized
to determine the forward-backward correlation strength b, in A-A collisions. This method has been validated
by using the HIJING event generator in the case of Au-Au collisions at /syy = 200 GeV and Pb-Pb collisions
at /syy = 2.76 TeV. It is shown that the effect of impact parameter fluctuations is to be considered properly in

order to obtain meaningful results.
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I. INTRODUCTION

The major goals of colliding heavy ions at relativistic
energies are to create a new form of matter, called quark-gluon
plasma (QGP), and to study its properties. The QGP matter is
formed very early in the reaction and it is a major challenge
to experimentally probe this initial stage as the majority of
the detected particles are emitted at freeze-out. Correlations
that are produced across a wide range of rapidity are thought
to reflect the earliest stages of the heavy-ion collisions, free
from final-state effects [1]. The study of correlations among
particles produced in different rapidity regions may provide an
understanding of the elementary (partonic) interactions which
lead to hadronization. Several experiments involving collisions
of electrons, muons, and protons show strong short-range
correlations (SRCs) over a region of about &1 unit in rapidity
[2-4]. In high-energy nucleon-nucleon collisions (/s >
100 GeV) the non-single diffractive inelastic cross section
increases significantly with energy, as does the magnitude
of the long-range forward-backward multiplicity correlations.
The component involving the long-range correlations in these
collisions has been shown to increase with the energy [4].
These effects can be understood in terms of multiparton
interactions [5]. For heavy-ion collisions, it has been predicted
that multiple parton interactions would produce long-range
forward-backward multiplicity correlations that extend beyond
one unit in rapidity, compared to hadron-hadron scattering
at the same energy. The model based on multipomeron
exchanges (the dual parton model) predicts the existence of
long range correlations [6,7]. In the color glass condensate
(CGC) framework, the correlations of the particles created at
early stages of the collision can spread over large rapidity
intervals, unlike the particles produced at the later stage [1].
Thus the measurement of the long-range rapidity correlations
of the produced particle could give information about the
space-time dynamics of the early stages of the collisions.

The measurement of forward-backward (FB) multiplicity
correlations in nucleus-nucleus collisions has been studied
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by the STAR experiment at the BNL Relativistic Heavy Ion
Collider (RHIC) [8—-12]. These results have generated a great
deal of theoretical interest [13-23].

Forward-backward correlations have been characterized by
the correlation strength b, the slope extracted from a linear
relationship between the average multiplicity measured in the
backward rapidity hemisphere (N,) and the multiplicity in
the forward rapidity hemisphere N . This relationship can be
expressed as [2]

<Nb(Nf)> =a-+ bcorer‘ (1)

In this definition, b,y can be positive or negative with a
range of |beor| < 1. This maximum (minimum) represents
total correlation (anticorrelation) of the produced particles
separated in rapidity. beor = O is the limiting case of entirely
uncorrelated particle production. Experimentally, the slope of
beorr in hadron-hadron experiments is found to be positive
[2]. In Eq. (1), the intercept a is related to the number of
uncorrelated particles.

The correlation strength can also be expressed in terms
of the ratio of the covariance of the forward-backward
multiplicity and the variance of the forward multiplicity. This
is done by performing a linear regression of Eq. (1) and
minimizing x2. Thus, Eq. (1) can be expressed in terms of
the following calculable average quantities:

(NfNp) — (Nf)(Np) D

= =2 2
(N%) — (Ny)? Dy @

bCOIT

where szf and Dgf are the forward-forward and backward-
forward dispersions.

The correlations obtained from above expressions can be
a combination of both short and long ranges. The short-range
correlations (SRCs) normally extend over a small range
of pseudorapidity (|n| < 1.0) and are due to various short-
range order effects [2]. These correlations can arise from
various effects, such as particles produced from cluster decay,
resonance decay, or jet correlations. The particles produced in
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a single inelastic collision are known to only exhibit SRC [3].
Long-range correlations (LRCs) are correlations that extend
over a wide range in pseudorapidity, beyond || > 1.0. The
presence of a LRC is a violation of short-range order. Short-
range order is expected to hold as long as unitarity constraints
are neglected [2]. In the approximation of short-range order,
only single scattering can be considered. Therefore, quantum
mechanical probability is not conserved, since it is possible to
have multiple scattering terms.

Recently, FB correlations have been studied extensively
with different model simulations, particularly the color glass
condensate (CGC) [20] model and the color string percolation
model (CSPM) [24]. The CGC model provides a QCD-based
description and predicts the growth of LRCs with collision
centrality. It is argued that long-range rapidity correlations are
due to the fluctuations of the number of gluons and can only
be created in early times shortly after the collision [13,20]. In
the CGC model, the long-range component has the form

1
1+ ca?’

beorr = 3
where o2 is coupling constant and is related to the saturation
momentum Q? and c is a constant. From the above expression,
itis observed that as the centrality increases the FB correlation
also increases because ozsz decreases [24]. A similar behavior is
also obtained in the CSPM approach, where b, is expressed
in terms of the string density &, which is related to the number
of strings formed in the collision:

1
; )

boo —m —

corr 1+ W
which vanishes at low string density and at high density grows
to become 1/(1 + d), where d is a constant, independent of
the density and energy [24]. The experimental data for Au-Au
collisions at /syy = 200 GeV [8] show similar trends as
predicted by the CGC and CSPM models.

FB correlation strength has also been studied in the
framework of the wounded nucleon model [16,25]. The results
are compared to the STAR data [8] in Au+ Au collisions at
A/Snn =200 GeV. It has been concluded that FB correlation
strengths for central collisions are due to the fluctuations of
wounded nucleons at a given centrality bin. Thus it is essential
to control the centrality of the collisions while reporting the
experimental results on correlations.

In the data analysis adopted for the STAR experiment [8],
the centrality was defined using the charged particle multi-
plicity in the midrapidity region. To avoid a self-correlation
of the results with the window used for centrality definition,
a profile method was used. In this paper we investigate the
profile method to extract the LRC strength in heavy-ion
collisions and demonstrate its applicability in Pb-Pb collisions
at ./syn = 2.76 TeV using the HIJING event generator [26].

II. ANALYSIS METHOD

In a center-of-mass coordinate system, the forward and
backward hemispheres are conventionally defined to be oppo-
site to each other, as shown in the schematic diagram of Fig. 1.
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FIG. 1. (Color online) Schematic diagram of the measurement of
a forward-backward correlation.

Ny and N, are the charged particle multiplicities within the
forward and backward measurement intervals within a width
of §7n. In our analysis, a value of én = 0.2 has been chosen.
The FB correlations are measured symmetrically around n = 0
with varying rapidity gaps, designated as An, measured from
the center of each bin. Thus depending on the available
n window, the values of An =0.2,0.4,0.6,0.8,1.0, ... are
possible.

In this analysis, data from the HIJING event generator
have been used, in which the particles are produced based
on perturbative QCD processes [26]. Nearly one million
minimum bias Au-Au events at ,/syy = 200 GeV and Pb-Pb
events at /syy = 2.76 TeV have been generated and used
for the analysis. The centrality of the collision is normally
designated interms of the impact parameter of the collision. In
the experiments, it is not possible to determine the impact pa-
rameter directly, hence one uses charged particle multiplicity
within a range of 1, which is not overlapping with the 1 range
where the analysis is performed. This is called the reference
multiplicity N¢. The use of nonoverlapping pseudorapidity
regions—one for the centrality determination and others for
FB analysis—avoids bias on the correlation measurements.
In the experiments, it is ideal to obtain reference multiplicity
from very forward measurements of charged particles. But if
this is not available, then the centrality can be defined from
the central windows as well. For example, in the present study,
for determining FB correlations in An = 0.2, 0.4, and 0.6,
reference multiplicity has been obtained within 0.5 < [n| <
1.0, while for An = 0.8 and 1.0 the sum of the multiplicities
from |n| < 0.3 and 0.8 < |n| < 1.0 are used for centrality
determination. For An = 1.2, 1.4, 1.6, 1.8, ... the centrality is
taken from |n| < 0.5. In the correlation analysis, the centrality
windows are normally selected over a range of cross section,
which correspond to a range in reference multiplicity. Within
a given centrality window, the FB multiplicity correlations can
be affected by the fluctuations in impact parameter and number
of participants. To extract true correlations, it is desirable to
control the centrality and minimize the effect of centrality
fluctuations.

To calculate the correlation strength as a function of the n
gap and as a function of centrality, two different methods have
been discussed. In the first method, quantities such as (Ny),
(Np), (NJ%), and (NyN,) have been obtained by averaging
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FIG. 2. (Color online) Average multiplicities and their products
for Pb-Pb collisions at ,/syy = 2.76 TeV as a function of reference
multiplicity N,.r. The upper panels show (a) mean forward charged
particle multiplicity (N,) and (b) mean backward charged particle
multiplicity (N,), both fitted with linear polynomial functions. The
lower panels show (c) (NyNy) and (d) (NyN,), both fitted with
second-order polynomials.

over the events within a centrality bin, and thereby calculating
the dispersions D} and DZ;. This method of event averaging
does not take into account the fluctuation within a centrality
window. This method is called the FBgyerage method.

To eliminate or reduce the effect of the centrality window
on the correlation analysis, a second method, called the profile
method (FBpofie) has been introduced. In this method, the
distributions of (Ny), (Np), (Nj%), and (N;N,) have been
plotted as a function of the reference multiplicities. Linear fits
to {Ny) and (N;) and second-order polynomial fits to (N J%) and
(N¢Nj) have been made. These distributions, along with the
fits, are shown in Fig. 2. These fit parameters are used to extract
the Di and D}, binned by centrality, and normalized by the
total number of events in each bin. This is shown in Fig. 3. This
method removes the dependence of the FB correlation strength
on the width of the centrality bin. In the next section, results
from both the average and profile methods will be presented
and compared.

III. RESULTS AND DISCUSSION

The FB correlations have been studied for Pb-Pb collisions
at /syy =2.76 TeV using the HIJING event generator.
The forward-forward and backward-forward dispersions are
calculated as functions of centrality, within a pseudorapidity
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FIG. 3. (Color online) Variance D7 and covariance D} as a
function of reference multiplicity for Pb-Pb collisions at
2.76 TeV.

SNN =

gap extending up to 2.2 units, using both average and profile
methods. Figure 4 shows D} and D7 as a function of A for
two overlapping centralities, 0-5% and 0—10% of total cross
sections. The dispersions remain approximately constant over
the rapidity ranges covered. It is observed that FBgyerage yields
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FIG. 4. (Color online) Comparison of D7 and D7 using FByyerage
and FB . methods. The results are shown for 0-5% and 0-10%
centralities for Pb-Pb collisions at /syy = 2.76 TeV. The centrality

is selected using charged particle multiplicity within a particular
pseudorapidity window.
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FIG. 5. (Color online) Correlation strength b, as a function of
n gap for 6 centrality bins using results from (a) FByerage and (b)
FBofile for Pb-Pb collisions at /syy = 2.76 TeV.

higher values of both szf and Dﬁf compared to FBpofile. This
is true for both centrality windows.

It is expected that the correlation strength increases with
the increase of the centrality of the collision. The correlation
strengths b, are calculated from the ratios of the dispersions
for six different centrality windows, 0-2.5%, 0-5%, 0-10%,
10-20%, 20-30%, and 30-40% of the cross section. These
centralities are determined from the reference multiplicities
as discussed above. Results from both methods are presented
in Fig. 5, where the upper panel shows the values of bgo
using the FByyerage method and the lower panel gives the
results for the FBp o method. We observe that b, for the
FBverage method does not follow any regular pattern in terms of
centrality selection. For example, the b, is seen to be higher
for the 0—10% centrality bin compared to 0-2.5% and 0-5%
centrality bins, which is counterintuitive to our expectation.
This shows that the impact parameter fluctuations are not
completely removed when the FBgyerage method is used. On
the other hand, it can be seen that using the FBoe method,
the values of b, have an increasing trend with the increase of
centrality of the collisions. The correlation strength is highest
for 0-2.5% centrality, as expected.

To confirm the above observation, a study using the impact
parameter window for centrality selection, rather than the
reference multiplicity, has been made. Results for b, for
various impact parameter selections are shown in Figs. 6(a)
and 6(b) for the average and profile methods, respectively. The
average method arrives at improper results. In this example,
the larger centrality window yields the highest correlation
strength, which should not be the case. On the other hand,
the FBpole method gives similar results whether centrality
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FIG. 6. (Color online) Correlation strength b, as a function of n
gap for various impact parameters using (a) FBgyerage and (b) FBofile
methods for Pb-Pb collisions at /syny = 2.76 TeV.

selection is made using the impact parameter or the reference
multiplicity.
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FIG. 7. (Color online) (a).D} and D and (b). Correlation
strength b, as a function of n gap for 0-10% centrality from F Byofiie
and (b) method F Byyerage for Au-Au collisions at /syy = 200 GeV.
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FIG. 8. (Color online) Correlation length as a function of rapidity
gap for 0-10% and 30-40% centralities in the case of Au-Au
collisions at ,/syy = 200 GeV and Pb-Pb collisions at /syy =
2.76 TeV. For central collisions, a clear difference in the correlation
length has been observed.

A similar study has been made for Au-Au collisions at
/$nn = 200 GeV using the HIJING event generator for the top
10% in central collisions. The upper panel of Fig. 7 shows
D} and D and the lower panel shows beo, for both the
average and profile methods. The FBayerage results yield higher
values for beor compared to FBprosie. The profile results are
similar to what had been reported by the STAR Collaboration
at RHIC [8,10].

Finally, a comparison of the correlation strengths has been
made for Au-Au collisions at ./syy = 200 GeV and Pb-Pb
collisions at /syy = 2.76 TeV using the results from the
HIJING event generator and following the FBof1e method. The
results of the study for two centrality windows (0—10% and 30—
40%) are shown in Fig. 8. It is observed that for the noncentral
collisions of 30-40% cross section, the correlation strengths
are very similar. For central collisions, a decreasing trend is
observed for Au-Au collision at ,/syy = 200 GeV, whereas
for Pb-Pb collisions at ,/syy = 2.76 TeV, a flatter distribution
is observed. This implies a much stronger correlation over
a broad range in pseudorapidity at energies available at the
CERN Large Hadron Collider (LHC) compared to those at
RHIC.

IV. SUMMARY

Study of forward-backward multiplicity correlation
strengths in hadron-hadron and heavy-ion collisions provide
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crucial information toward understanding particle production
mechanisms and represent useful tools for differentiating
different types of reactions and their energy dependence. It has
been observed that the correlations show strong short-range
correlations and also extend to much wider separation in
rapidity. In heavy-ion collisions, the correlation strengths are
expected to increase with increase of the beam energy as
well as centrality of the collision. Within a given centrality
window, the fluctuations in the impact parameter or the number
of participants lead to multiplicity fluctuations which affect
the accurate determination of correlation strength. Therefore,
control of the centrality of the collisions is needed while
performing the correlation analysis.

In this paper, two different methods—the average method
and the profile method—have been presented to study the
forward-backward multiplicity correlations in heavy-ion colli-
sions as a function centrality. It is observed that in the FByerage
method, the correlation strength does not follow any pattern
as a function of centrality window. This reflects the impact
parameter fluctuation due to a finite centrality bin width. The
second method, FBfite, has been introduced, which properly
takes care of the effects due to finite centrality bin width.
Appropriate centrality dependence has been observed in going
from peripheral to central collisions. A comparison of the
correlation strengths has been made for Au-Au collisions at
/S~ = 200 GeV and Pb-Pb collisions at ,/syy = 2.76 TeV
using the data from the HUING event generator. It has been
observed that the correlation strengths are higher for higher
energy collision. The correlation strengths decrease as a
function of the rapidity gap. This decrease is much slower
at LHC energy than at RHIC energies. The FBpo5. method
can be used to study the FB correlation strength as a function
of centrality in Pb-Pb collisions at LHC. As is shown in
this work, along with the correlation strength beoy, it is
essential to show the behavior of both the forward-forward
(D) and backward-forward (D) dispersions as a function
of pseudorapidity gap An for different centrality classes. This
will allow one to make a direct comparison of experimental
data with theoretical models such as CGC and CSPM.
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