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Results from electric charge correlations studied with the Balance Function (BF) method in A+A collisions
from 20A to 158A GeV are presented in two different rapidity intervals: In the midrapidity region we observe a
decrease of the width of the BF distribution with increasing centrality of the collision, whereas this effect vanishes
in the forward rapidity region. Results from the energy dependence study in central Pb+Pb collisions show that
the narrowing of the BF expressed by the normalized width parameter W increases with energy toward the highest
CERN Super Proton Synchrotron and BNL Relativistic Heavy Ion Collider energies. Finally we compare our
experimental data points with the predictions of several models. The hadronic string models Ultra-relativistic
Quantum Molecular Dynamics and Heavy Ion Jet INteraction Generator (HIJING) do not reproduce the observed
narrowing of the BF. However, A MultiPhase Transport medel (AMPT), which contains a quark-parton transport
phase before hadronization, can reproduce the narrowing of the BF’s width with centrality. This confirms the
proposed sensitivity of the BF analysis to the time of hadronization.
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I. INTRODUCTION

The study of the Balance Function (BF) is motivated by the
prediction that its width may be sensitive to the creation of a
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deconfined phase in the early stage of central nucleus-nucleus
collisions [1–3]. The method is based on the observation that
hadrons are produced locally in pairs of oppositely charged
particles. Because of the initial momentum difference and
secondary interactions with other particles, these particles
are separated in rapidity (y). Particles of a pair that was
created earlier are separated further in rapidity because of
the expected large initial momentum difference and the long
lasting rescattering phase. On the other hand, momentum
differences of charged particles of a pair that was created
later in the reaction are mainly determined by the breakup
temperature. The previous two opposite mechanisms are
reflected in the BF’s width and result in a narrow distribution
for the late stage hadronization scenario and a wide one for
the early stage hadron production [1,4,5]. Our aim is to find a
possible indication of a delayed hadronization.

It was suggested that the creation of a deconfined phase of
quarks and gluons (the quark-gluon plasma, QGP) in the early
stages of nucleus-nucleus collisions would lead to delayed
hadronization, i.e. a narrowing of the BF [1]. Indeed, results
on the BF obtained for Au+Au collisions at BNL Relativistic
Heavy Ion Collider (RHIC) [5] and Pb+Pb interactions at the
top CERN Super Proton Synchrotron (SPS) energy [4] show
this narrowing for central collisions in the midrapidity domain.
In this article, the study of the BF is extended to the forward
rapidity region. In addition, the energy dependence of the width
of the BF for central Pb+Pb collisions is investigated at lower
SPS energies where indications for the onset of deconfinement
have been obtained [6].

As in previous publications from the NA49 experiment on
the BF [4], the analysis is performed for all charged particles
(predominantly pions) to avoid the additional complications
from the identification procedure. Consequently the pseudo-
rapidity (η) of charged particles is examined and the BF is
defined as [1]

B(�η)

= 1

2

[
N+−(�η) − N−−(�η)

N−
+ N−+(�η) − N++(�η)

N+

]
.

(1)

The width of the BF can be characterized by the weighted
average 〈�η〉,

〈�η〉 =
k∑

i=0

(Bi · �ηi)

/
k∑

i=0

Bi, (2)

where i is the bin number of the BF histogram.
In the following two sections we first describe in brief the

NA49 experimental setup and the data analysis. The next two
sections are dedicated to the new experimental results on the
rapidity and the energy dependence of the width of the BF. We
conclude with a section on model comparisons and a summary.

II. EXPERIMENTAL SETUP

The NA49 detector [7] is a wide acceptance hadron
spectrometer for the study of hadron production in collisions of
hadrons or heavy ions at the CERN SPS. The main components

TABLE I. Systems and centrality classes used in this analysis.
Listed for p+p, C+C, Si+Si, and six centralities of Pb+Pb
collisions at 158A GeV are the number of events, the cross section
of selected central interactions as percentage of the total inelastic
cross section, and the mean number 〈NW 〉 of wounded nucleons.

Interaction Number of events σcent./σinel. (%) 〈NW 〉
p+p 200K
C+C 45K 15.3 14
Si+Si 65K 12.2 37
Pb+Pb (6) 38K >43.5 45 ± 4
Pb+Pb (5) 20K 33.5–43.5 85 ± 7
Pb+Pb (4) 24K 23.5–33.5 128 ± 8
Pb+Pb (3) 24K 12.5–23.5 196 ± 6
Pb+Pb (2) 50K 5–12.5 281 ± 4
Pb+Pb (1) 38K 0–5 352 ± 3

are four large-volume Time Projection Chambers (TPCs) that
are capable of detecting 80% of some 1500 charged particles
created in a central Pb+Pb collision at 158A GeV.

The targets are C (561 mg/cm2) and Si (1170 mg/cm2)
disks and a Pb (224 mg/cm2) foil for ion collisions and a liquid
hydrogen cylinder (length 20 cm) for hadron interactions. They
are positioned about 80 cm upstream from VTPC-1.

The centrality of a collision is selected (on-line for central
Pb+Pb, Si+Si, and C+C interactions and off-line for mini-
mum bias Pb+Pb, Si+Si, and C+C interactions) by a trigger
using information from a downstream calorimeter (VCAL),
which measures the energy E0 of the projectile spectator
nucleons.

III. DATA ANALYSIS

A. Data sets

The data sets used in the rapidity dependence study
come from p+p, C+C, Si+Si, and Pb+Pb collisions at
158A GeV (Table I) and at 40A GeV (Table II). For Pb+Pb
interactions, data with both central and minimum bias triggers
were analyzed to study the centrality dependence of the BF.
The minimum bias data were subdivided into six different

TABLE II. Systems and centrality classes used in this analysis.
Listed for C+C, Si+Si, and six centralities of Pb+Pb collisions
at 40A GeV are the number of events, the cross section of
selected central interactions as percentage of the total inelastic
cross section, and the mean number 〈NW 〉 of wounded nucleons.

Interaction Number of events σcent./σinel. (%) 〈NW 〉
C+C 76K 65.7 9
Si+Si 43K 29.2 32
Pb+Pb (6) 45K >43.5 43 ± 4
Pb+Pb (5) 27K 33.5–43.5 93 ± 7
Pb+Pb (4) 30K 23.5–33.5 142 ± 8
Pb+Pb (3) 32K 12.5–23.5 210 ± 6
Pb+Pb (2) 106K 5–12.5 290 ± 4
Pb+Pb (1) 190K 0–5 351 ± 3
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TABLE III. The different energies for Pb+Pb interactions used
to perform the energy scan. The cms energy of the system as well
as the different beam energies, the cross section of selected central
interactions as percentage of the total inelastic cross section, and the
number of wounded nucleons are listed. The third number in the last
column refers to the statistical error whereas the second refers to the
systematic error.

√
sNN (GeV) Ebeam (A GeV) σcent./σinel. (%) 〈NW 〉

6.3 20 7 349 ± 1 ± 5
7.6 30 7 349 ± 1 ± 5
8.8 40 5 361 ± 1 ± 5

12.3 80 7 349 ± 1 ± 5
17.3 158 5 362 ± 8

centrality classes [8] according to the energy recorded by
the VCAL, from class Veto 1 (the most central collisions)
to class Veto 6 (the most peripheral collisions) (Tables I and
II). For the energy dependence study, we analyzed central
Pb+Pb collisions throughout the whole SPS energy range
(Table III). The most central Pb+Pb interactions for the highest
SPS energy correspond to 5%, whereas for lower energies to
7.2% of the total geometric cross section.

B. Event and track selection

To reduce the contamination from non-target events and
non-vertex tracks, selection criteria were imposed both at the
event and at the track level.

Events were selected that had a proper position of the
reconstructed primary vertex. The vertex coordinate Vz along
the beam axis had to fulfill |Vz − Vz0 | < �z, where the values
of the central position Vz0 and the range �z vary with respect
to the system and the energy analyzed. In addition the vertex
coordinates Vx and Vy perpendicular to the beam axis had
to fulfill |Vx − Vx0 | < �x and |Vy − Vy0 | < �y, where the
values Vx0 , Vy0 and �x,�y also vary accordingly.

Selection criteria at the track level were imposed to reduce
the contamination by tracks from weak decays, secondary
interactions, and other sources of non-vertex tracks. Thus, an
accepted track had to have an extrapolated distance of closest
approach dx and dy of the particle at the vertex plane within
the range |dx | < 2.0 cm and |dy | < 1.0 cm. In addition the
potential number of points in the detector for the selected
tracks had to be more than 30. To suppress double counting
due to track splitting the ratio of the number of reconstructed
points to the potential number of points was required to be
larger than 0.5.

Finally, the NA49 detectors provide large acceptance in
momentum space; however, the acceptance in the azimuthal
angle φ is not complete. To avoid edge effects and to facilitate
comparisons with model calculations, particles were selected
in a restricted acceptance region [9]. The boundary of this
region is described by

pT (φ) = 1

A +
(

D+φ

C

)6 + B, (3)

where the values of the parameters A,B,C, and D depend on
the rapidity interval and on the energy and can be found in
Ref. [9]. This restricted acceptance region is also imposed in
the model calculations.

The fact that the azimuthal acceptance is not complete
affects the results of our study. In particular, a percentage of
the tracks that are excluded by the limited acceptance and by
the acceptance filter from our analysis can be part of a pair of
particles that are correlated in phase-space. If we also consider
the fact that the width of the BF can be thought of as a measure
of the number of correlated particles, then it is obvious that
this effect tends to dilute our observable in a way that the
value of the width increases. This is an essential point to take
into account when comparing BF results between different
experiments. Based on the previous, one can understand the
importance of an apparatus with full φ acceptance (such as the
STAR detectors or the future ALICE detector setup [10]) for
studying the BF.

IV. RAPIDITY DEPENDENCE

To investigate the properties of hadronization in heavy
ion collisions, as proposed by the BF methodology [1], we
studied the system size and centrality dependence of the
width of the BF at two SPS energies (158A and 40A GeV,
corresponding to

√
sNN = 17.3 and 8.8 GeV, respectively)

and in two different pseudorapidity intervals. The selected
pseudorapidity regions for

√
s = 17.3 GeV are 2.5 � η � 3.9,

named midrapidity region, and 4.0 � η � 5.4, named forward
rapidity region. The corresponding pseudorapidity regions
for

√
s = 8.8 GeV are 1.8 � η � 3.2 (midrapidity region)

and 3.3 � η � 4.7 (forward rapidity region). Figure 1 shows
the resulting BF distributions for the two different energies
(top and bottom panels, respectively) as a function of the
pseudorapidity difference �η for central (left panel) and
peripheral (right panel) Pb+Pb collisions.

The top panels of Fig. 2 show the width of the BF
distributions for experimental data as a function of the mean
number of wounded nucleons, for the two pseudorapidity
regions (midrapidity region, left panel; forward rapidity
region, right panel) for the

√
sNN = 17.3 GeV case. The

figure indicates that there is a clear centrality dependence
for real data in the midrapidity region while this dependence
vanishes in the forward region. To further investigate this
effect, the Ultra-relativistic Quantum Molecular Dynamics
model (UrQMD) [11], which is a microscopic model of
(ultra)relativistic heavy ion collisions in the energy range from
Bevalac and GSI Schwerionen Synchrotron (SIS) up to BNL
Alternating Gradient Synchrotron (AGS), SPS, and RHIC, was
used. The results from the study of this hadronic model as well
as the widths obtained from shuffled1 data [4,5] are also plotted
in Fig. 2. No system size and centrality dependence, regardless
of the rapidity region, is seen for either UrQMD or shuffled

1In shuffled events the particle (pseudo)rapidities in the event are
randomly reassigned while the particle charges are unchanged. This
procedure destroys (pseudo)rapidity correlations but retains global
charge conservation effects.
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FIG. 1. (Color online) The BF as a function
of the pseudorapidity difference �η for central
(centrality class 1 of Tables I and II; left panels of
this figure) and peripheral (centrality class 6 of
Tables I and II; right panels of this figure) Pb+Pb
collisions at

√
sNN = 17.3 GeV (top panels) and√

sNN = 8.8 GeV (bottom panels) for the two
rapidity regions. The curves drawn are Gaussian
fits used to guide the eye.

events. The same behavior is observed for
√

sNN = 8.8 GeV
in the bottom panels of Fig. 2.

One should also note that there is no significant difference
in the actual values of the widths between the two rapidity
regions at both energies for the small systems, such as p+p

up to Si+Si. In other words, the difference in the absolute
values appears only for the most central Pb+Pb collisions at
both energies.

V. ENERGY DEPENDENCE

The energy dependence of the BF was studied for central
Pb+Pb collisions for which NA49 data are available through-
out the SPS energy range (100K events were analyzed for
each energy). These data samples passed once again through
the shuffling mechanism to provide an estimate of the highest
value of the width for each energy under the constraint
of global charge conservation. The pseudorapidity interval
analyzed was limited to a range of 1.4 units and was located
around midrapidity (Table IV). To compare the decrease of the
width for the different energies, we introduced the normalized
parameter W , which is defined by the following equation:

W = 100 · (〈�η〉shuffled − 〈�η〉data)

〈�η〉shuffled
. (4)

By using the measure W , we try to quantify the change of
the BF width due to effects other than those of global charge

conservation. Moreover, the slight changes of acceptance
with energy should approximately cancel. Figure 3 shows
as solid squares the BF distributions as a function of the
pseudorapidity difference �η for central Pb+Pb collisions
at

√
sNN = 12.3 GeV (left panel),

√
sNN = 7.6 GeV (middle

panel), and
√

sNN = 6.3 GeV (right panel). Figure 1 shows
the results for the other two energies

√
sNN = 17.3 GeV and√

sNN = 8.8 GeV.
The left panel of Fig. 4 shows the dependence of the

normalized W parameter on
√

sNN . For the data (red squares
in Fig. 4), we note an indication for an increase with energy. In
contrast, the results from the analysis of UrQMD generated
events (blue boxes in Fig. 4) show no significant energy
dependence of the measure W .

The right plot of Fig. 4 shows the dependence of the
normalized W parameter on

√
sNN for the energy range of

SPS together with the RHIC result at
√

sNN = 130 GeV [5].

TABLE IV. Definition of the midrapidity as well as the forward
rapidity interval for the different SPS energies.

√
sNN (GeV) η interval (midrapidity) η (forward rapidity)

6.3 1.6 � η � 3.0 3.1 � η � 4.5
7.6 1.7 � η � 3.1 3.2 � η � 4.6
8.8 1.8 � η � 3.2 3.3 � η � 4.7

12.3 2.2 � η � 3.6 3.7 � η � 5.1
17.3 2.5 � η � 3.9 4.0 � η � 5.4
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FIG. 2. (Color online) The system size and
centrality dependence of the measured width
〈�η〉 of the BF for charged particles at

√
sNN =

17.3 GeV (top panels) and
√

sNN = 8.8 GeV
(bottom panels) plotted as a function of the
mean number of wounded nucleons 〈NW 〉 for the
midrapidity (left panels) and the forward rapidity
(right panels) regions (see Table IV).

The corresponding RHIC point tends to be even higher than the
last SPS one, indicating a continued rise of the W parameter
toward RHIC and leaving an open question for the CERN
Large Hadron Collider (LHC) energies.

Finally, we study the energy dependence of the scaled
parameter W of the BF’s width in the forward rapidity region
(Table IV). The corresponding BF distributions for central
Pb+Pb collisions are shown as open squares in Fig. 3 at√

sNN = 12.3 GeV (left panel),
√

sNN = 7.6 GeV (middle

panel),
√

sNN = 6.3 GeV (right panel) and in Fig. 1 at√
sNN = 8.8 GeV (bottom left) and

√
sNN = 17.3 GeV (top

left). Figure 5 summarizes the main result from this study:
The normalized parameter W shows no sign of an energy
dependence in the forward rapidity regions.

VI. MODEL COMPARISON

In an attempt to interpret the results obtained for the
centrality dependence of the BF width, several microscopic
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FIG. 3. (Color online) The BF as a function of the pseudorapidity difference �η for central Pb+Pb collisions at
√

sNN = 12.3 GeV (left
panel),

√
sNN = 7.6 GeV (middle panel), and

√
sNN = 6.3 GeV (right panel) for two rapidity regions (see Table IV). The curves drawn are

Gaussian fits used to guide the eye.
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FIG. 4. (Color online) The dependence of
the normalized parameter W on

√
sNN for central

Pb+Pb collisions in the SPS energy range after
applying the NA49 acceptance filter in compar-
ison with the UrQMD results (left panel) and
together with data for central Au+Au collisions
at RHIC (right panel).

models were analyzed such as Heavy Ion Jet INteraction Gen-
erator (HIJING) [12], Ultra-relativistic Quantum Molecular
Dynamics (UrQMD) [11], and A MultiPhase Transport model
(AMPT) [13]. The first is based on the excitation of strings
and their subsequent hadronization according to the LUND
model [14]. The second is also based on string excitation with
the addition of interactions between the produced particles
after the hadronization (rescattering). The last is a multiphase
transport model that contains a quark-parton transport phase
before hadronization. In AMPT, the initial spatial and mo-
mentum distributions of partons and string excitations are
obtained from HIJING. The parton cascade follows the ZPC
model [15]. When the interactions of the partons cease, they
are recombined with their parent strings to form hadrons
according to the LUND fragmentation mechanism [14]. Then
the scatterings of the produced hadrons are described by the
ART model [16].

Figure 6, in which the measured width 〈�η〉 of the BF
for charged particles at

√
sNN = 17.3 GeV is plotted as a

function of the mean number of wounded nucleons 〈NW 〉,
shows the main results of our comparison. The clear centrality
dependence of the order of 17 ± 3% seen for experimental
data cannot be described by the microscopic models HIJING
and UrQMD. Results from both models suggest no centrality
dependence of the BF width. On the other hand, the AMPT

NNs

0 5 10 15 20

W

0

20

40

Mid-rapidity
Forward rapidity

FIG. 5. (Color online) The dependence of the normalized param-
eter W on

√
sNN for central Pb+Pb collisions in the SPS energy

range after applying the NA49 acceptance filter for the midrapidity
and for the forward rapidity region (the intervals analyzed are given in
Table IV).

model, which incorporates the time evolution of partons before
their hadronization, is predicting a centrality dependence of the
BF similar to what is seen in the data.

More comprehensive model comparisons are in progress
and will be addressed in a future publication.

VII. SUMMARY

In this article, we presented new results on the BF obtained
by the NA49 collaboration. We analyzed data from different
colliding systems and centrality classes for two different
energies in two different rapidity regions. At midrapidity
the experimental data reveal an interesting decrease of the
BF width with increasing centrality of the collision for both
energies. This effect cannot be reproduced either by the
UrQMD model or by the shuffling mechanism. In the forward
rapidity region, on the other hand, no centrality dependence of
the BF width is observed.

The results from the energy scan show an indication for an
energy dependence that is not apparent in the UrQMD model.
The narrowing of the BF, expressed by the normalized width
parameter W , increases from the lowest SPS energy to the
highest SPS and RHIC energies. Again this rise is limited to
the midrapidity regions.

Finally, the comparison with different microscopic models
showed that the narrowing of the BF’s width with centrality can
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FIG. 6. (Color online) The centrality dependence of the measured
width 〈�η〉 of the BF at midrapidity (2.5 � η � 3.9) for charged
particles produced in Pb+Pb collisions at

√
sNN = 17.3 GeV as a

function of the mean number of wounded nucleons 〈NW 〉. The plot
shows the experimental data along with the predictions from different
microscopic models.
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only be reproduced by the model that contains a quark-parton
evolution phase before hadronization. The latter might be a
first indication that indeed the BF is related to the time of
hadronization.
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