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A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm!c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.

PACS numbers: 24.85.+p, 25.75.Gz

Relativistic heavy-ion collisions produce mesoscopic
regions of enormous energy density, perhaps surpassing
3 GeV!fm3 in Pb collisions at the CERN SPS [1,2] with
even higher energy densities expected at RHIC. At such
energies hadronic degrees of freedom should be replaced
by quark-gluon degrees of freedom. Several experimental
measurements have been proposed as signals to the quark-
gluon plasma [3]. Among these signals is an expected
enhancement in strange-quark production which should
take place 5 10 fm!c into the collision when the local
temperature has dropped to near 160 MeV, but the system
is still far from freeze-out. Strangeness enhancement
has indeed been observed in heavy-ion collisions [4],
but alternative hadronic explanations have also been put
forward assuming early-stage hadronization with medium
modifications, referred to as color ropes [5,6] or baryon
junctions [7]. In this paper the use of balance functions is
proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,

B"p2 jp1# $
1
2

%r"b, p2 ja, p1# 2 r"b, p2 jb, p1#

1 r"a, p2 jb, p1# 2 r"a, p2 ja, p1#&,
(1)

where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.

r"b, p2 , a, p1# !
N"b, p2 ja, p1#

N"a, p1#
. (2)

Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].

0031-9007!00!85(13)!2689(4)$15.00 © 2000 The American Physical Society 2689

VOLUME 85, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 SEPTEMBER 2000

Clocking Hadronization in Relativistic Heavy-Ion Collisions with Balance Functions

Steffen A. Bass, Pawel Danielewicz, and Scott Pratt
Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,

East Lansing, Michigan 48824
(Received 15 May 2000)

A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm!c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.

PACS numbers: 24.85.+p, 25.75.Gz

Relativistic heavy-ion collisions produce mesoscopic
regions of enormous energy density, perhaps surpassing
3 GeV!fm3 in Pb collisions at the CERN SPS [1,2] with
even higher energy densities expected at RHIC. At such
energies hadronic degrees of freedom should be replaced
by quark-gluon degrees of freedom. Several experimental
measurements have been proposed as signals to the quark-
gluon plasma [3]. Among these signals is an expected
enhancement in strange-quark production which should
take place 5 10 fm!c into the collision when the local
temperature has dropped to near 160 MeV, but the system
is still far from freeze-out. Strangeness enhancement
has indeed been observed in heavy-ion collisions [4],
but alternative hadronic explanations have also been put
forward assuming early-stage hadronization with medium
modifications, referred to as color ropes [5,6] or baryon
junctions [7]. In this paper the use of balance functions is
proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,

B"p2 jp1# $
1
2

%r"b, p2 ja, p1# 2 r"b, p2 jb, p1#

1 r"a, p2 jb, p1# 2 r"a, p2 ja, p1#&,
(1)

where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.

r"b, p2 , a, p1# !
N"b, p2 ja, p1#

N"a, p1#
. (2)

Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].

0031-9007!00!85(13)!2689(4)$15.00 © 2000 The American Physical Society 2689

VOLUME 85, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 SEPTEMBER 2000

Clocking Hadronization in Relativistic Heavy-Ion Collisions with Balance Functions

Steffen A. Bass, Pawel Danielewicz, and Scott Pratt
Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,

East Lansing, Michigan 48824
(Received 15 May 2000)

A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm!c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.

PACS numbers: 24.85.+p, 25.75.Gz

Relativistic heavy-ion collisions produce mesoscopic
regions of enormous energy density, perhaps surpassing
3 GeV!fm3 in Pb collisions at the CERN SPS [1,2] with
even higher energy densities expected at RHIC. At such
energies hadronic degrees of freedom should be replaced
by quark-gluon degrees of freedom. Several experimental
measurements have been proposed as signals to the quark-
gluon plasma [3]. Among these signals is an expected
enhancement in strange-quark production which should
take place 5 10 fm!c into the collision when the local
temperature has dropped to near 160 MeV, but the system
is still far from freeze-out. Strangeness enhancement
has indeed been observed in heavy-ion collisions [4],
but alternative hadronic explanations have also been put
forward assuming early-stage hadronization with medium
modifications, referred to as color ropes [5,6] or baryon
junctions [7]. In this paper the use of balance functions is
proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,

B"p2 jp1# $
1
2

%r"b, p2 ja, p1# 2 r"b, p2 jb, p1#

1 r"a, p2 jb, p1# 2 r"a, p2 ja, p1#&,
(1)

where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.

r"b, p2 , a, p1# !
N"b, p2 ja, p1#

N"a, p1#
. (2)

Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].

0031-9007!00!85(13)!2689(4)$15.00 © 2000 The American Physical Society 2689

VOLUME 85, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 SEPTEMBER 2000

Clocking Hadronization in Relativistic Heavy-Ion Collisions with Balance Functions

Steffen A. Bass, Pawel Danielewicz, and Scott Pratt
Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory, Michigan State University,

East Lansing, Michigan 48824
(Received 15 May 2000)

A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm!c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.

PACS numbers: 24.85.+p, 25.75.Gz

Relativistic heavy-ion collisions produce mesoscopic
regions of enormous energy density, perhaps surpassing
3 GeV!fm3 in Pb collisions at the CERN SPS [1,2] with
even higher energy densities expected at RHIC. At such
energies hadronic degrees of freedom should be replaced
by quark-gluon degrees of freedom. Several experimental
measurements have been proposed as signals to the quark-
gluon plasma [3]. Among these signals is an expected
enhancement in strange-quark production which should
take place 5 10 fm!c into the collision when the local
temperature has dropped to near 160 MeV, but the system
is still far from freeze-out. Strangeness enhancement
has indeed been observed in heavy-ion collisions [4],
but alternative hadronic explanations have also been put
forward assuming early-stage hadronization with medium
modifications, referred to as color ropes [5,6] or baryon
junctions [7]. In this paper the use of balance functions is
proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,

B"p2 jp1# $
1
2

%r"b, p2 ja, p1# 2 r"b, p2 jb, p1#

1 r"a, p2 jb, p1# 2 r"a, p2 ja, p1#&,
(1)

where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.

r"b, p2 , a, p1# !
N"b, p2 ja, p1#

N"a, p1#
. (2)

Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].

0031-9007!00!85(13)!2689(4)$15.00 © 2000 The American Physical Society 2689



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

First meeting with Pawel 

3



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

First meeting with Pawel 

3



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

Clocking hadronization, two-wave quark production

4

2

Motivation

S.Bass,	P.Danielewicz and	S.Pratt
PRL	85(2000),2689

• Oppositely charged particles are created at the same 
location of the space-time.

• Charge-anticharge particles that were created in the
early stage of hadronization are separated further in 
rapidity.

• Particle pairs that were created later (late stage 
hadronization) are correlated at small !".

• The Balance Function (BF) quantifies the degree of this 
separation and relates it with the time of hadronization.

• Balance functions measure kinematic aspects of the 
production and diffusion of hadrons in heavy-ion 
collisions.

• The STAR data is comprehensive in identified particle 
species measured, centrality, and beam energy, allowing 
the mapping of the hadron production and diffusion 
information onto the phase diagram.

particle	 antiparticle	

Early Hadronization
⇾ Large "#

Late Hadronization
⇾ Small "#

!! = #/%

Z=0

Keep in mind, that if the freeze-out temperature stays  
the same, the longer time evolution in central 
collisions could only widen the BF

Often used to “claim” “late hadronization” in  
central collisions
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FIG. 3. The mean width of the balance function displayed as
a function of the number of collisions, both for the case where
particles are created early (t ! 1 fm!c, T ! 225 MeV) and
late (t ! 9 fm!c, T ! 165 MeV).

significantly magnified by rescattering. Because of colli-
sions, even charged-pion balance functions become
strongly sensitive to the creation time.

The simple calculations presented here sidestep two is-
sues: correlations from decays such as f ! K1K2, and
experimental acceptance problems. Both problems can be
addressed by modeling constrained by the multitude of
other observables measured in a heavy-ion collision. Al-
though some open questions remain, it seems clear that
the canonical picture of a heavy-ion reaction, quark-gluon
plasma formation followed by late-stage hadronization,
should have a clear signature in the balance functions.
Compared to pp collisions, one expects the peak in the
balance function in nucleus-nucleus collisions to be nar-
rower near Dy ! 0 due to the contribution of late-stage
production of quark pairs, while the tails of balance func-
tion should become broader reflecting the extra diffusion
of charge in the early stages of the collision. Finally, we
remark that we have barely explored the possibilities of
balance functions. The rich nature of the binnings "p2jp1#
should provide a powerful means for resolving many of

the issues regarding creation and diffusion of quarks and
hadrons in relativistic heavy-ion collisions.

We are grateful to T. Sjöstrand for providing valuable
references. This work was supported by the National Sci-
ence Foundation, Grants No. PHY-00-70818 and PHY-
96-0527.
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14Jasmine Brewer (CERN)

Graphic: Yi Chen QM’19

jet substructure constituents

Jets in principle give access to detailed structure of the shower

BF in  space. Correlation with mean .pT pT

Detailed study of the baryon and meson hadronization mechanism   
(test of the coalescence picture) 

Testing jet structure and substructure

Radial flow profile 
Background to CME and CMW measurements



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

Experimental measurements

6

G. Westfall, H. Wang, … 
Y. Wu, …  
P. Christakoglou, A. Rodriguez, M. Weber, 
C. Pruneau, P. Pujahari, J. Pan, … 
W. Llope, N. Raha, L. Di Carlo… 
…

Narrowing of the Balance Function with Centrality in Au!Au Collisions at
!!!!!!!!!

sNN
p " 130 GeV

J. Adams,3 C. Adler,11 Z. Ahammed,23 C. Allgower,12 J. Amonett,14 B. D. Anderson,14 M. Anderson,5 G. S. Averichev,9

J. Balewski,12 O. Barannikova,9,23 L. S. Barnby,14 J. Baudot,13 S. Bekele,20 V.V. Belaga,9 R. Bellwied,31 J. Berger,11

H. Bichsel,30 A. Billmeier,31 L. C. Bland,2 C. O. Blyth,3 B. E. Bonner,24 A. Boucham,26 A. Brandin,18 A. Bravar,2

R.V. Cadman,1 H. Caines,33 M. Calderónde la Barca Sánchez,2 A. Cardenas,23 J. Carroll,15 J. Castillo,15 M. Castro,31

D. Cebra,5 P. Chaloupka,20 S. Chattopadhyay,31 Y. Chen,6 S. P. Chernenko,9 M. Cherney,8 A. Chikanian,33 B. Choi,28

W. Christie,2 J. P. Coffin,13 T. M. Cormier,31 M. M. Corral,16 J. G. Cramer,30 H. J. Crawford,4 A. A. Derevschikov,22

L. Didenko,2 T. Dietel,11 J. E. Draper,5 V. B. Dunin,9 J. C. Dunlop,33 V. Eckardt,16 L. G. Efimov,9 V. Emelianov,18

J. Engelage,4 G. Eppley,24 B. Erazmus,26 P. Fachini,2 V. Faine,2 J. Faivre,13 R. Fatemi,12 K. Filimonov,15 E. Finch,33

Y. Fisyak,2 D. Flierl,11 K. J. Foley,2 J. Fu,15,32 C. A. Gagliardi,27 N. Gagunashvili,9 J. Gans,33 L. Gaudichet,26

M. Germain,13 F. Geurts,24 V. Ghazikhanian,6 O. Grachov,31 V. Grigoriev,18 M. Guedon,13 S. M. Guertin,6 E. Gushin,18

T. J. Hallman,2 D. Hardtke,15 J.W. Harris,33 M. Heinz,33 T.W. Henry,27 S. Heppelmann,21 T. Herston,23 B. Hippolyte,13

A. Hirsch,23 E. Hjort,15 G.W. Hoffmann,28 M. Horsley,33 H. Z. Huang,6 T. J. Humanic,20 G. Igo,6 A. Ishihara,28

Yu. I. Ivanshin,10 P. Jacobs,15 W.W. Jacobs,12 M. Janik,29 I. Johnson,15 P. G. Jones,3 E. G. Judd,4 M. Kaneta,15 M. Kaplan,7

D. Keane,14 J. Kiryluk,6 A. Kisiel,29 J. Klay,15 S. R. Klein,15 A. Klyachko,12 T. Kollegger,11 A. S. Konstantinov,22

M. Kopytine,14 L. Kotchenda,18 A. D. Kovalenko,9 M. Kramer,19 P. Kravtsov,18 K. Krueger,1 C. Kuhn,13 A. I. Kulikov,9

G. J. Kunde,33 C. L. Kunz,7 R. Kh. Kutuev,10 A. A. Kuznetsov,9 M. A. C. Lamont,3 J. M. Landgraf,2 S. Lange,11

C. P. Lansdell,28 B. Lasiuk,33 F. Laue,2 J. Lauret,2 A. Lebedev,2 R. Lednický,9 V. M. Leontiev,22 M. J. LeVine,2 Q. Li,31
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In high-energy heavy-ion collisions, the correlations between the emitted particles can be used as a
probe to gain insight into the charge creation mechanisms. In this Letter, we report the first results of
such studies using the electric charge balance function in the relative pseudorapidity (!η) and azimuthal
angle (!ϕ) in Pb–Pb collisions at

√
sN N = 2.76 TeV with the ALICE detector at the Large Hadron Collider.

The width of the balance function decreases with growing centrality (i.e. for more central collisions)
in both projections. This centrality dependence is not reproduced by HIJING, while AMPT, a model
which incorporates strings and parton rescattering, exhibits qualitative agreement with the measured
correlations in !ϕ but fails to describe the correlations in !η. A thermal blast-wave model incorporating
local charge conservation and tuned to describe the pT spectra and v2 measurements reported by ALICE,
is used to fit the centrality dependence of the width of the balance function and to extract the average
separation of balancing charges at freeze-out. The comparison of our results with measurements at lower
energies reveals an ordering with

√
sN N : the balance functions become narrower with increasing energy

for all centralities. This is consistent with the effect of larger radial flow at the LHC energies but also
with the late stage creation scenario of balancing charges. However, the relative decrease of the balance
function widths in !η and !ϕ with centrality from the highest SPS to the LHC energy exhibits only small
differences. This observation cannot be interpreted solely within the framework where the majority of the
charge is produced at a later stage in the evolution of the heavy-ion collision.

© 2013 CERN. Published by Elsevier B.V.

1. Introduction

According to Quantum ChromoDynamics (QCD), the theory that
describes the strong interaction, at sufficiently high energy densi-
ties and temperatures, a new phase of matter exists in which the
constituents, the quarks and the gluons, are deconfined [1]. This
new state of matter is called the Quark Gluon Plasma (QGP). Its
creation in the laboratory, the corresponding verification of its ex-
istence and the subsequent study of its properties are the main
goals of the ultrarelativistic heavy-ion collision programs. Convinc-
ing experimental evidences for the existence of a deconfined phase
have been published already at RHIC energies [2]. Recently, the
first experimental results from the heavy-ion program of the LHC
experiments provided additional indication [3,4] for the existence
of this state of matter at this new energy regime.

Among the different observables, such as the anisotropic flow
[3] or the energy loss of high transverse momentum particles [4],
the charge balance functions are suggested to be sensitive probes
of the properties of the system, providing valuable insight into the
charge creation mechanism and can be used to address fundamen-
tal questions concerning hadronization in heavy-ion collisions [5].

The system that is produced in a heavy-ion collision undergoes
an expansion, during which it exhibits collective behavior and can
be described in terms of hydrodynamics [6]. A pair of particles
of opposite charge that is created during this stage is subject to
the collective motion of the system, which transforms the corre-
lations in coordinate space into correlations in momentum space.
The subsequent rescattering phase after the hadronization will also
affect the final measured degree of correlation. The balance func-
tion being a sensitive probe of the balancing charge distribution
in momentum space, quantifies these effects. The final degree of
correlation is reflected in the balance function distribution and
consequently in its width. It was suggested in [5] that narrow dis-
tributions correspond to a system that consists of particles that are
created close to the end of the evolution. It was also suggested that
a larger width may signal the creation of balancing charges at the
first stages of the system’s evolution [5].

The balance function reflects the strength of correlation be-
tween a particle in a bin P1 in momentum space and the accompa-
nying (balancing) particle of opposite charge with momentum P2.
The general definition is given in Eq. (1):

Bab(P2, P1) = 1
2

!
Cab(P2, P1) + Cba(P2, P1)

− Cbb(P2, P1) − Caa(P2, P1)
"
, (1)
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Abstract We report on two-particle charge-dependent cor-
relations in pp, p–Pb, and Pb–Pb collisions as a function of the
pseudorapidity and azimuthal angle difference, "η and "ϕ

respectively. These correlations are studied using the balance
function that probes the charge creation time and the develop-
ment of collectivity in the produced system. The dependence
of the balance function on the event multiplicity as well as on
the trigger and associated particle transverse momentum (pT)
in pp, p–Pb, and Pb–Pb collisions at

√
sNN = 7, 5.02, and

2.76 TeV, respectively, are presented. In the low transverse
momentum region, for 0.2 < pT < 2.0 GeV/c, the balance
function becomes narrower in both "η and "ϕ directions
in all three systems for events with higher multiplicity. The
experimental findings favor models that either incorporate
some collective behavior (e.g. AMPT) or different mecha-
nisms that lead to effects that resemble collective behavior
(e.g. PYTHIA8 with color reconnection). For higher values
of transverse momenta the balance function becomes even
narrower but exhibits no multiplicity dependence, indicating
that the observed narrowing with increasing multiplicity at
low pT is a feature of bulk particle production.

1 Introduction

Angular correlations between two particles have been estab-
lished as a powerful tool to study the properties of the system
created in high energy collisions of hadrons and nuclei [1–
16]. These measurements are usually performed in a two
dimensional space as a function of "η and "ϕ. Here "η and
"ϕ are the differences in pseudorapidity η = −ln[tan(θ/2)]
(where θ is the polar angle of a particle relative to the beam
axis) and in azimuthal angle ϕ of the two particles.

In heavy-ion collisions at both the Relativistic Heavy
Ion Collider (RHIC) [3–11] and at the Large Hadron Col-
lider (LHC) [12–16], these correlations exhibit characteristic

⋆ e-mail: alice-publications@cern.ch

structures: (a) a peak at ("η,"ϕ) = (0, 0), usually referred to
as the near-side jet peak, resulting from intra-jet correlations
as well as correlation due to decay of resonances and quantum
statistics correlations, (b) an elongated structure over "η at
"ϕ = π originating partially from correlations between par-
ticles from back-to-back jets and from collective effects such
as anisotropic flow, and (c) a similar component at "ϕ = 0
extending to large values of "η, usually called the near-side
ridge, whose origin was subject of a theoretical debate [17–
31]. Although initially the near-side ridge was also attributed
to jet–medium interactions [17–20], it is now believed to be
associated to the development of collective motion [24–31]
and to initial state density fluctuations, including the initial
state effects within the framework of the Color Glass Con-
densate (CGC) [21–23].

Similar structures have recently been reported in two-
particle correlation analyses in smaller systems. In particu-
lar, the CMS Collaboration, by studying angular correlations
between two particles in "η and "ϕ, reported the develop-
ment of an enhancement of correlations on the near-side (i.e.
"ϕ = 0) in high- compared to low-multiplicity pp collisions
at

√
s = 7 TeV that persists over large values of "η [32]. In

the subsequent data taking periods at the LHC, similar ridge
structures were observed on both the near- and the away-side
in high-multiplicity p–Pb collisions at

√
sNN =5.02 TeV [33–

38]. The origin of these effects, appearing in small systems,
is still debated theoretically. In particular, it was suggested
in [39–41] that in high-multiplicity collisions the small sys-
tem develops collective motion during a short hydrodynamic
expansion phase. On the other hand, in [42–44] the authors
suggested that the ridge structure can be understood within
the CGC framework.

The ALICE Collaboration also reported a particle mass
ordering in the extracted v2 (i.e. the second coefficient of the
Fourier expansion of the azimuthal distribution of particles
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Abstract We report on two-particle charge-dependent cor-
relations in pp, p–Pb, and Pb–Pb collisions as a function of the
pseudorapidity and azimuthal angle difference, "η and "ϕ

respectively. These correlations are studied using the balance
function that probes the charge creation time and the develop-
ment of collectivity in the produced system. The dependence
of the balance function on the event multiplicity as well as on
the trigger and associated particle transverse momentum (pT)
in pp, p–Pb, and Pb–Pb collisions at

√
sNN = 7, 5.02, and

2.76 TeV, respectively, are presented. In the low transverse
momentum region, for 0.2 < pT < 2.0 GeV/c, the balance
function becomes narrower in both "η and "ϕ directions
in all three systems for events with higher multiplicity. The
experimental findings favor models that either incorporate
some collective behavior (e.g. AMPT) or different mecha-
nisms that lead to effects that resemble collective behavior
(e.g. PYTHIA8 with color reconnection). For higher values
of transverse momenta the balance function becomes even
narrower but exhibits no multiplicity dependence, indicating
that the observed narrowing with increasing multiplicity at
low pT is a feature of bulk particle production.

1 Introduction

Angular correlations between two particles have been estab-
lished as a powerful tool to study the properties of the system
created in high energy collisions of hadrons and nuclei [1–
16]. These measurements are usually performed in a two
dimensional space as a function of "η and "ϕ. Here "η and
"ϕ are the differences in pseudorapidity η = −ln[tan(θ/2)]
(where θ is the polar angle of a particle relative to the beam
axis) and in azimuthal angle ϕ of the two particles.

In heavy-ion collisions at both the Relativistic Heavy
Ion Collider (RHIC) [3–11] and at the Large Hadron Col-
lider (LHC) [12–16], these correlations exhibit characteristic

⋆ e-mail: alice-publications@cern.ch

structures: (a) a peak at ("η,"ϕ) = (0, 0), usually referred to
as the near-side jet peak, resulting from intra-jet correlations
as well as correlation due to decay of resonances and quantum
statistics correlations, (b) an elongated structure over "η at
"ϕ = π originating partially from correlations between par-
ticles from back-to-back jets and from collective effects such
as anisotropic flow, and (c) a similar component at "ϕ = 0
extending to large values of "η, usually called the near-side
ridge, whose origin was subject of a theoretical debate [17–
31]. Although initially the near-side ridge was also attributed
to jet–medium interactions [17–20], it is now believed to be
associated to the development of collective motion [24–31]
and to initial state density fluctuations, including the initial
state effects within the framework of the Color Glass Con-
densate (CGC) [21–23].

Similar structures have recently been reported in two-
particle correlation analyses in smaller systems. In particu-
lar, the CMS Collaboration, by studying angular correlations
between two particles in "η and "ϕ, reported the develop-
ment of an enhancement of correlations on the near-side (i.e.
"ϕ = 0) in high- compared to low-multiplicity pp collisions
at

√
s = 7 TeV that persists over large values of "η [32]. In

the subsequent data taking periods at the LHC, similar ridge
structures were observed on both the near- and the away-side
in high-multiplicity p–Pb collisions at

√
sNN =5.02 TeV [33–

38]. The origin of these effects, appearing in small systems,
is still debated theoretically. In particular, it was suggested
in [39–41] that in high-multiplicity collisions the small sys-
tem develops collective motion during a short hydrodynamic
expansion phase. On the other hand, in [42–44] the authors
suggested that the ridge structure can be understood within
the CGC framework.

The ALICE Collaboration also reported a particle mass
ordering in the extracted v2 (i.e. the second coefficient of the
Fourier expansion of the azimuthal distribution of particles
relative to the symmetry plane) values for π ± , K± , and p(p)
in high-multiplicity p–Pb collisions [45]. This mass ordering
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General balance functions of identified charged hadron pairs of (p,K,p)
in Pb–Pb collisions at psNN = 2.76 TeV

ALICE Collaboration*

Abstract

First measurements of balance functions (BFs) of all combinations of identified charged hadron
(p,K,p) pairs in Pb–Pb collisions at psNN = 2.76 TeV recorded by the ALICE detector are pre-
sented. The BF measurements are carried out as two-dimensional differential correlators versus the
relative rapidity (Dy) and azimuthal angle (Dj) of hadron pairs, and studied as a function of colli-
sion centrality. The Dj dependence of BFs is expected to be sensitive to the light quark diffusivity
in the quark–gluon plasma. While the BF azimuthal widths of all pairs substantially decrease from
peripheral to central collisions, the longitudinal widths exhibit mixed behaviors: BFs of pp and
cross-species pairs narrow significantly in more central collisions, whereas those of KK and pp are
found to be independent of collision centrality. This dichotomy is qualitatively consistent with the
presence of strong radial flow effects and the existence of two stages of quark production in relativis-
tic heavy-ion collisions. Finally, the first measurements of the collision centrality evolution of BF
integrals are presented, with the observation that charge balancing fractions are nearly independent
of collision centrality in Pb–Pb collisions. Overall, the results presented provide new and challeng-
ing constraints for theoretical models of hadron production and transport in relativistic heavy-ion
collisions.

*See Appendix A for the list of collaboration members

ar
X

iv
:2

11
0.

06
56

6v
1 

 [n
uc

l-e
x]

  1
3 

O
ct

 2
02

1

EU
RO

PEA
N

O
R

G
A

N
IZATIO

N
FO

R
N

U
C

LEA
R

R
ESEA

R
C

H

C
ER

N
-EP-2021-199

30
Septem

ber2021

©
2021

C
ER

N
forthe

benefitofthe
A

LIC
E

C
ollaboration.

R
eproduction

ofthis
article

orparts
ofitis

allow
ed

as
specified

in
the

C
C

-B
Y-4.0

license.

G
eneralbalance

functionsofidentified
charged

hadron
pairsof

(p
,K

,p
)

in
Pb–Pb

collisionsat p
s

N
N
=

2.76
TeV

A
LIC

E
C

ollaboration
*

A
bstract

First
m

easurem
ents

of
balance

functions
(B

Fs)
of

all
com

binations
of

identified
charged

hadron
(p

,K
,p)

pairs
in

Pb–Pb
collisions

at p
s

N
N
=

2.76
TeV

recorded
by

the
A

LIC
E

detector
are

pre-
sented.

The
B

F
m

easurem
ents

are
carried

outas
tw

o-dim
ensionaldifferentialcorrelators

versus
the

relative
rapidity

(Dy)
and

azim
uthalangle

(Dj
)

of
hadron

pairs,and
studied

as
a

function
of

colli-
sion

centrality.
The

Dj
dependence

ofB
Fs

is
expected

to
be

sensitive
to

the
lightquark

diffusivity
in

the
quark–gluon

plasm
a.

W
hile

the
B

F
azim

uthalw
idths

ofallpairs
substantially

decrease
from

peripheral
to

central
collisions,

the
longitudinal

w
idths

exhibit
m

ixed
behaviors:

B
Fs

of
pp

and
cross-species

pairs
narrow

significantly
in

m
ore

centralcollisions,w
hereas

those
ofK

K
and

pp
are

found
to

be
independentof

collision
centrality.

This
dichotom

y
is

qualitatively
consistentw

ith
the

presence
ofstrong

radialflow
effectsand

the
existence

oftw
o

stagesofquark
production

in
relativis-

tic
heavy-ion

collisions.
Finally,the

firstm
easurem

ents
of

the
collision

centrality
evolution

of
B

F
integrals

are
presented,w

ith
the

observation
thatcharge

balancing
fractions

are
nearly

independent
ofcollision

centrality
in

Pb–Pb
collisions.

O
verall,the

results
presented

provide
new

and
challeng-

ing
constraints

for
theoreticalm

odels
of

hadron
production

and
transportin

relativistic
heavy-ion

collisions.

*See
A

ppendix
A

forthe
listofcollaboration

m
em

bers

arXiv:2110.06566v1  [nucl-ex]  13 Oct 2021

Major (“technical”) development directions: 
-  treatment/accounting of the acceptance 
- “mixed events” vs “spectra” 

   (normalization ) 
-  -> attention to BF integrals  

- PID
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To gain some insight into the observed widths in cen-

tral collisions, we compared with the thermal model
(final temperature of 165 MeV) presented in [8] filtered
through the acceptance of STAR. We find that the pre-
dicted widths are larger than those we observe in central
collisions. Thermal model calculations have also been
done at low final temperature (105 MeV) and high trans-
verse velocity (0:77c), while maintaining the same aver-
age transverse momentum. These calculations predict a
balance function width consistent with our observations
in central collisions. Thus, the observed narrowing of the
balance function in central collisions can be parame-
trized in a thermal model that incorporates strong trans-
verse flow and is constrained to emit the balancing
particles close together in space-time [20]. This con-
straint could arise from delayed hadronization compared
with the characteristic 1 fm=c hadronization time or from
some other phenomena such as anomalously short diffu-
sion of particle pairs [20]. Other phenomena besides flow
may also affect the width of the balance function as a
function of centrality such as resonance decay or the
effects of the nuclear medium on jetlike correlations.

In summary, measurement of the balance function for
Au! Aucollisions at

!!!!!!!!

sNN
p " 130 GeV has been stimu-

lated by the prediction [8] that the width of the balance
function should be significantly reduced by late hadroni-
zation. We indeed observe a narrowing of the balance
function for more central collisions for all charged par-
ticle pairs and for charged pion pairs. Only for peripheral
collisions is the width consistent with HIJING predic-
tions treating the Au! Au collision as a superposition
of independent nucleon-nucleon scatterings. Inter-
pretation of the observed narrowing requires more de-
tailed study of its sensitivity to such other effects as flow,
resonance production, and diffusion, in addition to late
hadronization.

We wish to thank the RHIC Operations Group and the
RHIC Computing Facility at Brookhaven National
Laboratory, and the National Energy Research Scientific
Computing Center at Lawrence Berkeley National
Laboratory for their support. This work was supported
by the Division of Nuclear Physics and the Division of
High Energy Physics of the Office of Science of the U.S.
Department of Energy, the U.S. National Science
Foundation, the Bundesministerium fuer Bildung und
Forschung of Germany, the Institut National de la
Physique Nucleaire et de la Physique des Particules of
France, the United Kingdom Engineering and Physical
Sciences Research Council, Fundacao de Amparo a
Pesquisa do Estado de Sao Paulo, Brazil, the Russian
Ministry of Science and Technology, the Ministry of
Education of China, the National Natural Science
Foundation of China, and the Swiss National Science
Foundation.

FIG. 4. The width of the balance function for identified
charged pions, h!yi, as a function of normalized impact
parameter (b=bmax). Error bars shown are statistical. The width
of the balance function from HIJING events is shown as a band
whose height reflects the statistical uncertainty.
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FIG. 3. The balance function versus !y for identified pion
pairs from (a) central and peripheral Au! Au collisions at
!!!!!!!!

sNN
p " 130 GeV, and (b) HIJING events simulated in GEANT
[16]. To guide the eye, Gaussian fits excluding the lowest two
bins in !y are shown. The error bars shown are statistical. The
balance function for HIJING events is independent of centrality.
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Narrowing of the Balance Function with Centrality in Au!Au Collisions at
!!!!!!!!!

sNN
p " 130 GeV
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Comparison of the measurements to models -  
“detector” (acceptance, efficiency…) dependable results
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Clocking Hadronization in Relativistic Heavy-Ion Collisions with Balance Functions

Steffen A. Bass, Pawel Danielewicz, and Scott Pratt
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East Lansing, Michigan 48824
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A novel state of matter has been hypothesized to exist during the early stage of relativistic heavy-ion
collisions, with normal hadrons not appearing until several fm!c after the start of the reaction. To test
this hypothesis, correlations between charges and their associated anticharges are evaluated with the
use of balance functions. It is shown that late-stage hadronization is characterized by tightly correlated
charge-anticharge pairs when measured as a function of relative rapidity.

PACS numbers: 24.85.+p, 25.75.Gz

Relativistic heavy-ion collisions produce mesoscopic
regions of enormous energy density, perhaps surpassing
3 GeV!fm3 in Pb collisions at the CERN SPS [1,2] with
even higher energy densities expected at RHIC. At such
energies hadronic degrees of freedom should be replaced
by quark-gluon degrees of freedom. Several experimental
measurements have been proposed as signals to the quark-
gluon plasma [3]. Among these signals is an expected
enhancement in strange-quark production which should
take place 5 10 fm!c into the collision when the local
temperature has dropped to near 160 MeV, but the system
is still far from freeze-out. Strangeness enhancement
has indeed been observed in heavy-ion collisions [4],
but alternative hadronic explanations have also been put
forward assuming early-stage hadronization with medium
modifications, referred to as color ropes [5,6] or baryon
junctions [7]. In this paper the use of balance functions is
proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,

B"p2 jp1# $
1
2

%r"b, p2 ja, p1# 2 r"b, p2 jb, p1#

1 r"a, p2 jb, p1# 2 r"a, p2 ja, p1#&,
(1)

where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.

r"b, p2 , a, p1# !
N"b, p2 ja, p1#

N"a, p1#
. (2)

Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].
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proposed as a means to determine whether quark produc-
tion occurred at early times, t , 1 fm!c, or according to
a late-stage hadronization scenario; see, e.g., [8,9].

Late-stage production of quarks could be attributed to
three mechanisms: formation of hadrons from gluons,
conversion of the nonperturbative vacuum energy into
particles, or hadronization of a quark gas at constant
temperature. Hadronization of a quark gas should ap-
proximately conserve the net number of particles due to
the constraint of entropy conservation. Since hadrons
are formed of two or more quarks, creation of quark-
antiquark pairs should accompany hadronization. All three
mechanisms for late-stage quark production involve a
change in the degrees of freedom. Therefore, any signal
that pinpoints the time where quarks first appear in a
collision would provide valuable insight into understand-
ing whether a novel state of matter has been formed and
persisted for a substantial time. The fact that the hadronic
phase has a higher concentration of charges than the
QGP phase at the same entropy has been discussed in the
context of charge fluctuations in [10].

The link between balance functions and the time at
which quarks are created has a simple physical expla-
nation. Charge-anticharge pairs are created at the same
location in space-time, and are correlated in rapidity due

to the strong collective expansion inherent to a relativistic
heavy-ion collision. Pairs created earlier can separate fur-
ther in rapidity due to the higher initial temperature and
due to the diffusive interactions with other particles. The
balance function, which describes the momentum of the
accompanying antiparticle, quantifies this correlation.

The balance functions employed here are similar to ob-
servables used to investigate hadronization in jets produced
in pp̄ or e1e2 collisions [11,12]. The balance function de-
scribes the conditional probability that a particle in the bin
p1 will be accompanied by a particle of opposite charge in
the bin p2 . We define the balance function,
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where r"b, p2 ja, p1# is the conditional probability of ob-
serving a particle of type b in bin p2 given the existence
of a particle of type a in bin p1. The label a might re-
fer to all negative kaons with b referring to all positive
kaons, or amight refer to all hadrons with a strange quark
while b refers to all hadrons with an antistrange quark.
The conditional probability r"b, p2 ja, p1# is generated by
first counting the number N"b, p2 ja, p1# of pairs that sat-
isfy both criteria and dividing by the number N"a, p1# of
particles of type a that satisfy the first criteria.
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Both sums run over all events, though pairs involve only
particles from the same event.

An example of binning might be that p1 refers to a
measurement anywhere in the detector, while p2 refers to
the relative rapidity jyb 2 yaj. Then the balance function
would be a function of Dy only, and would represent the
probability that the balancing charges were separated by
Dy [in our formalism we include a division by Dy to
express B"Dy# as a density].
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Fig. 1. (a) Balance functions in five pseudorapidity windows of different width; (b) Balance functions observed at five different positions of pseudorapidity windows with
|ηw| = 0.8; (c) Scaled balance function, Bs(δη), obtained for various pseudorapidity window widths and positions. The data are from 0–80% Au + Au collisions at 200 GeV
and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.

and/or larger transverse mass of higher pT particles are expected
to result in smaller thermal velocity in the longitudinal direction
and narrower BF [4,6].

In this Letter, we first give brief descriptions of the analysis pa-
rameters and techniques. We then present measurements of the
BF, and its dependence on the width of the pseudorapidity win-
dow. We test the boost-invariance of the BF, i.e. verify whether it
is independent of the position of same-width pseudorapidity win-
dows. We next examine the universality of the scaled BF. Finally,
the scaling property of the BF for particles within different trans-
verse momentum ranges is studied.

Our BF analysis is restricted to charged particles measured
within the STAR TPC detector [16]. This detector is well suited
for precise studies of correlation structures given its relatively
wide pseudorapidity range −1.3 < η < 1.3 and full azimuthal
acceptance. Recorded events were selected on the basis of a
minimum-bias trigger defined by the coincidence of two zero-
degree calorimeters (ZDCs) [17] located at ±18 m from the center
of the TPC. Events are further required to have a primary ver-
tex position within 25 cm, longitudinally, of the TPC center and
within 1 cm, radially, of the beam line. This analysis is restricted
to charged particle tracks in the pT range 0.15 < pT < 2.0 GeV/c.
After all these cuts, 5.7 million minimum-bias events were selected
for the analysis. Tracks are required to pass within 2 cm of the pri-
mary vertex in order to reduce weak-decay contributions. Tracks
are further required to consist of a minimum of 15 measured
points and have a ratio of the numbers of measured to possible
points larger than 0.52 to avoid track splitting effects. These two
cuts minimize detector and track reconstruction effects, such as
ghost tracks, track splitting, and enable optimal momentum reso-
lution.

Fig. 1(a) displays balance function obtained with five different
pseudorapidity windows, located at various positions, and with
sizes ranging from |ηw| = 0.6 to 2.6. It shows that the BF is
strongly dependent on the width of the pseudorapidity window.
Vertical bars shown in this and following figures indicate statisti-
cal errors only. Statistical errors are smaller than the symbol sizes
in Fig. 1. Systematic errors are of the order of 5% and due to uncer-
tainties in the track reconstruction efficiency associated with the
track cuts, and event-by-event variations of the vertex position.

In order to test directly whether the BF is boost-invariant
under longitudinal translation within the STAR TPC, we exam-
ine, in Fig. 1(b), five BFs measured in equal size (|ηw| = 0.8)
pseudorapidity windows located at different positions. One ob-
serves that the five BFs overlap with one another thereby indi-
cating that the BF is independent of the position of the pseu-
dorapidity window, i.e., B(δη|ηw) is invariant under a longitudi-
nal translation within the range −1 < η < 1. Note that the large
BF values measured at δη = 0.01 arise in part from HBT and
Coulomb effects [5,6]. We also considered five equal size and non-

overlapping windows, not shown in Fig. 1, and found similar agree-
ments.

In Fig. 1(c), we present scaled balance functions, Bs , calculated
with Eq. (2), obtained from BFs measured with four distinct pseu-
dorapidity window widths (|ηw| = 0.6,1,2,2.6) and six window
positions. We find that the scaled balance functions have equal
shape and magnitude, and are identical within experimental er-
rors. Therefore Bs is independent of the size and position of the
window ηw in the pseudorapidity range −1 < η < 1. A similar in-
variance of Bs was observed in hadron–hadron interactions over
the whole rapidity range of produced particles [9]. These data in-
dicate that the charge compensation is essentially the same in any
longitudinally-Lorentz-transformed frame [6,9]. This is important
because the longitudinal Lorentz invariance is assumed in most
particle production models, such as PYTHIA and AMPT [18].

Lastly, we investigate whether the scaling property of the BF
holds for particles in different pT ranges and study how the width
of the BF changes with pT. Fig. 2 displays scaled balance func-
tion obtained for four pT ranges: (0.15,0.4), (0.4,0.7), (0.7,1)
and (1,2) GeV/c, and the same pseudorapidity windows as used
in Fig. 1(c). We find that the distributions measured in specific pT
intervals are independent of the size and position of the pseudora-
pidity window used to carry out the measurement. We thus con-
clude that the invariance of Bs observed for 0.15 < pT < 2.0 GeV/c
also holds for small transverse momentum ranges.

This property of balance function provides an additional con-
straint in particle production mechanisms. For example, the in-
variance of BF in different pT bins are observed in PYTHIA and
default AMPT models, but violated in the AMPT with string melting
[18]. The violation stems from the fact that the partons evolving
into melted strings have their own freeze-out time, which occurs
long after the impact of the colliding nuclei [19]. The particles in
the same transverse-momentum range do not freeze-out simulta-
neously with well-balanced charges, and the longitudinal boost-
invariance of the BF in small pT ranges is therefore violated.

Comparing the distributions shown in Fig. 2(a) to 2(d), we
observe that the scaled balance function, Bs(δη), changes signifi-
cantly in shape and amplitude with the transverse-momentum of
final state particles. The widths of Bs(δη) defined as [5]

⟨δη⟩ =
!

i Bs(δηi)δηi!
i Bs(δηi)

(3)

are presented in Table 1. The first data point in Fig. 2(a) is af-
fected by HBT correlations, which result in a strong correlation at
small relative pT. On the other hand, track merging effects deplete
the balance function at small δη. To assess the systematic uncer-
tainties on the extracted width, we use extrapolated values for the
data points at the two lowest δη instead of their measured ones
in calculating the width. For the lower bound of systematic un-
certainty estimate, the extrapolations from the larger δη data are
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Fig. 1. (a) Balance functions in five pseudorapidity windows of different width; (b) Balance functions observed at five different positions of pseudorapidity windows with
|ηw| = 0.8; (c) Scaled balance function, Bs(δη), obtained for various pseudorapidity window widths and positions. The data are from 0–80% Au + Au collisions at 200 GeV
and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.

and/or larger transverse mass of higher pT particles are expected
to result in smaller thermal velocity in the longitudinal direction
and narrower BF [4,6].

In this Letter, we first give brief descriptions of the analysis pa-
rameters and techniques. We then present measurements of the
BF, and its dependence on the width of the pseudorapidity win-
dow. We test the boost-invariance of the BF, i.e. verify whether it
is independent of the position of same-width pseudorapidity win-
dows. We next examine the universality of the scaled BF. Finally,
the scaling property of the BF for particles within different trans-
verse momentum ranges is studied.

Our BF analysis is restricted to charged particles measured
within the STAR TPC detector [16]. This detector is well suited
for precise studies of correlation structures given its relatively
wide pseudorapidity range −1.3 < η < 1.3 and full azimuthal
acceptance. Recorded events were selected on the basis of a
minimum-bias trigger defined by the coincidence of two zero-
degree calorimeters (ZDCs) [17] located at ±18 m from the center
of the TPC. Events are further required to have a primary ver-
tex position within 25 cm, longitudinally, of the TPC center and
within 1 cm, radially, of the beam line. This analysis is restricted
to charged particle tracks in the pT range 0.15 < pT < 2.0 GeV/c.
After all these cuts, 5.7 million minimum-bias events were selected
for the analysis. Tracks are required to pass within 2 cm of the pri-
mary vertex in order to reduce weak-decay contributions. Tracks
are further required to consist of a minimum of 15 measured
points and have a ratio of the numbers of measured to possible
points larger than 0.52 to avoid track splitting effects. These two
cuts minimize detector and track reconstruction effects, such as
ghost tracks, track splitting, and enable optimal momentum reso-
lution.

Fig. 1(a) displays balance function obtained with five different
pseudorapidity windows, located at various positions, and with
sizes ranging from |ηw| = 0.6 to 2.6. It shows that the BF is
strongly dependent on the width of the pseudorapidity window.
Vertical bars shown in this and following figures indicate statisti-
cal errors only. Statistical errors are smaller than the symbol sizes
in Fig. 1. Systematic errors are of the order of 5% and due to uncer-
tainties in the track reconstruction efficiency associated with the
track cuts, and event-by-event variations of the vertex position.

In order to test directly whether the BF is boost-invariant
under longitudinal translation within the STAR TPC, we exam-
ine, in Fig. 1(b), five BFs measured in equal size (|ηw| = 0.8)
pseudorapidity windows located at different positions. One ob-
serves that the five BFs overlap with one another thereby indi-
cating that the BF is independent of the position of the pseu-
dorapidity window, i.e., B(δη|ηw) is invariant under a longitudi-
nal translation within the range −1 < η < 1. Note that the large
BF values measured at δη = 0.01 arise in part from HBT and
Coulomb effects [5,6]. We also considered five equal size and non-

overlapping windows, not shown in Fig. 1, and found similar agree-
ments.

In Fig. 1(c), we present scaled balance functions, Bs , calculated
with Eq. (2), obtained from BFs measured with four distinct pseu-
dorapidity window widths (|ηw| = 0.6,1,2,2.6) and six window
positions. We find that the scaled balance functions have equal
shape and magnitude, and are identical within experimental er-
rors. Therefore Bs is independent of the size and position of the
window ηw in the pseudorapidity range −1 < η < 1. A similar in-
variance of Bs was observed in hadron–hadron interactions over
the whole rapidity range of produced particles [9]. These data in-
dicate that the charge compensation is essentially the same in any
longitudinally-Lorentz-transformed frame [6,9]. This is important
because the longitudinal Lorentz invariance is assumed in most
particle production models, such as PYTHIA and AMPT [18].

Lastly, we investigate whether the scaling property of the BF
holds for particles in different pT ranges and study how the width
of the BF changes with pT. Fig. 2 displays scaled balance func-
tion obtained for four pT ranges: (0.15,0.4), (0.4,0.7), (0.7,1)
and (1,2) GeV/c, and the same pseudorapidity windows as used
in Fig. 1(c). We find that the distributions measured in specific pT
intervals are independent of the size and position of the pseudora-
pidity window used to carry out the measurement. We thus con-
clude that the invariance of Bs observed for 0.15 < pT < 2.0 GeV/c
also holds for small transverse momentum ranges.

This property of balance function provides an additional con-
straint in particle production mechanisms. For example, the in-
variance of BF in different pT bins are observed in PYTHIA and
default AMPT models, but violated in the AMPT with string melting
[18]. The violation stems from the fact that the partons evolving
into melted strings have their own freeze-out time, which occurs
long after the impact of the colliding nuclei [19]. The particles in
the same transverse-momentum range do not freeze-out simulta-
neously with well-balanced charges, and the longitudinal boost-
invariance of the BF in small pT ranges is therefore violated.

Comparing the distributions shown in Fig. 2(a) to 2(d), we
observe that the scaled balance function, Bs(δη), changes signifi-
cantly in shape and amplitude with the transverse-momentum of
final state particles. The widths of Bs(δη) defined as [5]

⟨δη⟩ =
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(3)

are presented in Table 1. The first data point in Fig. 2(a) is af-
fected by HBT correlations, which result in a strong correlation at
small relative pT. On the other hand, track merging effects deplete
the balance function at small δη. To assess the systematic uncer-
tainties on the extracted width, we use extrapolated values for the
data points at the two lowest δη instead of their measured ones
in calculating the width. For the lower bound of systematic un-
certainty estimate, the extrapolations from the larger δη data are
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Fig. 1. (a) Balance functions in five pseudorapidity windows of different width; (b) Balance functions observed at five different positions of pseudorapidity windows with
|ηw| = 0.8; (c) Scaled balance function, Bs(δη), obtained for various pseudorapidity window widths and positions. The data are from 0–80% Au + Au collisions at 200 GeV
and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.

and/or larger transverse mass of higher pT particles are expected
to result in smaller thermal velocity in the longitudinal direction
and narrower BF [4,6].

In this Letter, we first give brief descriptions of the analysis pa-
rameters and techniques. We then present measurements of the
BF, and its dependence on the width of the pseudorapidity win-
dow. We test the boost-invariance of the BF, i.e. verify whether it
is independent of the position of same-width pseudorapidity win-
dows. We next examine the universality of the scaled BF. Finally,
the scaling property of the BF for particles within different trans-
verse momentum ranges is studied.

Our BF analysis is restricted to charged particles measured
within the STAR TPC detector [16]. This detector is well suited
for precise studies of correlation structures given its relatively
wide pseudorapidity range −1.3 < η < 1.3 and full azimuthal
acceptance. Recorded events were selected on the basis of a
minimum-bias trigger defined by the coincidence of two zero-
degree calorimeters (ZDCs) [17] located at ±18 m from the center
of the TPC. Events are further required to have a primary ver-
tex position within 25 cm, longitudinally, of the TPC center and
within 1 cm, radially, of the beam line. This analysis is restricted
to charged particle tracks in the pT range 0.15 < pT < 2.0 GeV/c.
After all these cuts, 5.7 million minimum-bias events were selected
for the analysis. Tracks are required to pass within 2 cm of the pri-
mary vertex in order to reduce weak-decay contributions. Tracks
are further required to consist of a minimum of 15 measured
points and have a ratio of the numbers of measured to possible
points larger than 0.52 to avoid track splitting effects. These two
cuts minimize detector and track reconstruction effects, such as
ghost tracks, track splitting, and enable optimal momentum reso-
lution.

Fig. 1(a) displays balance function obtained with five different
pseudorapidity windows, located at various positions, and with
sizes ranging from |ηw| = 0.6 to 2.6. It shows that the BF is
strongly dependent on the width of the pseudorapidity window.
Vertical bars shown in this and following figures indicate statisti-
cal errors only. Statistical errors are smaller than the symbol sizes
in Fig. 1. Systematic errors are of the order of 5% and due to uncer-
tainties in the track reconstruction efficiency associated with the
track cuts, and event-by-event variations of the vertex position.

In order to test directly whether the BF is boost-invariant
under longitudinal translation within the STAR TPC, we exam-
ine, in Fig. 1(b), five BFs measured in equal size (|ηw| = 0.8)
pseudorapidity windows located at different positions. One ob-
serves that the five BFs overlap with one another thereby indi-
cating that the BF is independent of the position of the pseu-
dorapidity window, i.e., B(δη|ηw) is invariant under a longitudi-
nal translation within the range −1 < η < 1. Note that the large
BF values measured at δη = 0.01 arise in part from HBT and
Coulomb effects [5,6]. We also considered five equal size and non-

overlapping windows, not shown in Fig. 1, and found similar agree-
ments.

In Fig. 1(c), we present scaled balance functions, Bs , calculated
with Eq. (2), obtained from BFs measured with four distinct pseu-
dorapidity window widths (|ηw| = 0.6,1,2,2.6) and six window
positions. We find that the scaled balance functions have equal
shape and magnitude, and are identical within experimental er-
rors. Therefore Bs is independent of the size and position of the
window ηw in the pseudorapidity range −1 < η < 1. A similar in-
variance of Bs was observed in hadron–hadron interactions over
the whole rapidity range of produced particles [9]. These data in-
dicate that the charge compensation is essentially the same in any
longitudinally-Lorentz-transformed frame [6,9]. This is important
because the longitudinal Lorentz invariance is assumed in most
particle production models, such as PYTHIA and AMPT [18].

Lastly, we investigate whether the scaling property of the BF
holds for particles in different pT ranges and study how the width
of the BF changes with pT. Fig. 2 displays scaled balance func-
tion obtained for four pT ranges: (0.15,0.4), (0.4,0.7), (0.7,1)
and (1,2) GeV/c, and the same pseudorapidity windows as used
in Fig. 1(c). We find that the distributions measured in specific pT
intervals are independent of the size and position of the pseudora-
pidity window used to carry out the measurement. We thus con-
clude that the invariance of Bs observed for 0.15 < pT < 2.0 GeV/c
also holds for small transverse momentum ranges.

This property of balance function provides an additional con-
straint in particle production mechanisms. For example, the in-
variance of BF in different pT bins are observed in PYTHIA and
default AMPT models, but violated in the AMPT with string melting
[18]. The violation stems from the fact that the partons evolving
into melted strings have their own freeze-out time, which occurs
long after the impact of the colliding nuclei [19]. The particles in
the same transverse-momentum range do not freeze-out simulta-
neously with well-balanced charges, and the longitudinal boost-
invariance of the BF in small pT ranges is therefore violated.

Comparing the distributions shown in Fig. 2(a) to 2(d), we
observe that the scaled balance function, Bs(δη), changes signifi-
cantly in shape and amplitude with the transverse-momentum of
final state particles. The widths of Bs(δη) defined as [5]

⟨δη⟩ =
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i Bs(δηi)δηi!
i Bs(δηi)

(3)

are presented in Table 1. The first data point in Fig. 2(a) is af-
fected by HBT correlations, which result in a strong correlation at
small relative pT. On the other hand, track merging effects deplete
the balance function at small δη. To assess the systematic uncer-
tainties on the extracted width, we use extrapolated values for the
data points at the two lowest δη instead of their measured ones
in calculating the width. For the lower bound of systematic un-
certainty estimate, the extrapolations from the larger δη data are
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Fig. 1. (a) Balance functions in five pseudorapidity windows of different width; (b) Balance functions observed at five different positions of pseudorapidity windows with
|ηw| = 0.8; (c) Scaled balance function, Bs(δη), obtained for various pseudorapidity window widths and positions. The data are from 0–80% Au + Au collisions at 200 GeV
and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.

and/or larger transverse mass of higher pT particles are expected
to result in smaller thermal velocity in the longitudinal direction
and narrower BF [4,6].

In this Letter, we first give brief descriptions of the analysis pa-
rameters and techniques. We then present measurements of the
BF, and its dependence on the width of the pseudorapidity win-
dow. We test the boost-invariance of the BF, i.e. verify whether it
is independent of the position of same-width pseudorapidity win-
dows. We next examine the universality of the scaled BF. Finally,
the scaling property of the BF for particles within different trans-
verse momentum ranges is studied.

Our BF analysis is restricted to charged particles measured
within the STAR TPC detector [16]. This detector is well suited
for precise studies of correlation structures given its relatively
wide pseudorapidity range −1.3 < η < 1.3 and full azimuthal
acceptance. Recorded events were selected on the basis of a
minimum-bias trigger defined by the coincidence of two zero-
degree calorimeters (ZDCs) [17] located at ±18 m from the center
of the TPC. Events are further required to have a primary ver-
tex position within 25 cm, longitudinally, of the TPC center and
within 1 cm, radially, of the beam line. This analysis is restricted
to charged particle tracks in the pT range 0.15 < pT < 2.0 GeV/c.
After all these cuts, 5.7 million minimum-bias events were selected
for the analysis. Tracks are required to pass within 2 cm of the pri-
mary vertex in order to reduce weak-decay contributions. Tracks
are further required to consist of a minimum of 15 measured
points and have a ratio of the numbers of measured to possible
points larger than 0.52 to avoid track splitting effects. These two
cuts minimize detector and track reconstruction effects, such as
ghost tracks, track splitting, and enable optimal momentum reso-
lution.

Fig. 1(a) displays balance function obtained with five different
pseudorapidity windows, located at various positions, and with
sizes ranging from |ηw| = 0.6 to 2.6. It shows that the BF is
strongly dependent on the width of the pseudorapidity window.
Vertical bars shown in this and following figures indicate statisti-
cal errors only. Statistical errors are smaller than the symbol sizes
in Fig. 1. Systematic errors are of the order of 5% and due to uncer-
tainties in the track reconstruction efficiency associated with the
track cuts, and event-by-event variations of the vertex position.

In order to test directly whether the BF is boost-invariant
under longitudinal translation within the STAR TPC, we exam-
ine, in Fig. 1(b), five BFs measured in equal size (|ηw| = 0.8)
pseudorapidity windows located at different positions. One ob-
serves that the five BFs overlap with one another thereby indi-
cating that the BF is independent of the position of the pseu-
dorapidity window, i.e., B(δη|ηw) is invariant under a longitudi-
nal translation within the range −1 < η < 1. Note that the large
BF values measured at δη = 0.01 arise in part from HBT and
Coulomb effects [5,6]. We also considered five equal size and non-

overlapping windows, not shown in Fig. 1, and found similar agree-
ments.

In Fig. 1(c), we present scaled balance functions, Bs , calculated
with Eq. (2), obtained from BFs measured with four distinct pseu-
dorapidity window widths (|ηw| = 0.6,1,2,2.6) and six window
positions. We find that the scaled balance functions have equal
shape and magnitude, and are identical within experimental er-
rors. Therefore Bs is independent of the size and position of the
window ηw in the pseudorapidity range −1 < η < 1. A similar in-
variance of Bs was observed in hadron–hadron interactions over
the whole rapidity range of produced particles [9]. These data in-
dicate that the charge compensation is essentially the same in any
longitudinally-Lorentz-transformed frame [6,9]. This is important
because the longitudinal Lorentz invariance is assumed in most
particle production models, such as PYTHIA and AMPT [18].

Lastly, we investigate whether the scaling property of the BF
holds for particles in different pT ranges and study how the width
of the BF changes with pT. Fig. 2 displays scaled balance func-
tion obtained for four pT ranges: (0.15,0.4), (0.4,0.7), (0.7,1)
and (1,2) GeV/c, and the same pseudorapidity windows as used
in Fig. 1(c). We find that the distributions measured in specific pT
intervals are independent of the size and position of the pseudora-
pidity window used to carry out the measurement. We thus con-
clude that the invariance of Bs observed for 0.15 < pT < 2.0 GeV/c
also holds for small transverse momentum ranges.

This property of balance function provides an additional con-
straint in particle production mechanisms. For example, the in-
variance of BF in different pT bins are observed in PYTHIA and
default AMPT models, but violated in the AMPT with string melting
[18]. The violation stems from the fact that the partons evolving
into melted strings have their own freeze-out time, which occurs
long after the impact of the colliding nuclei [19]. The particles in
the same transverse-momentum range do not freeze-out simulta-
neously with well-balanced charges, and the longitudinal boost-
invariance of the BF in small pT ranges is therefore violated.

Comparing the distributions shown in Fig. 2(a) to 2(d), we
observe that the scaled balance function, Bs(δη), changes signifi-
cantly in shape and amplitude with the transverse-momentum of
final state particles. The widths of Bs(δη) defined as [5]

⟨δη⟩ =
!

i Bs(δηi)δηi!
i Bs(δηi)

(3)

are presented in Table 1. The first data point in Fig. 2(a) is af-
fected by HBT correlations, which result in a strong correlation at
small relative pT. On the other hand, track merging effects deplete
the balance function at small δη. To assess the systematic uncer-
tainties on the extracted width, we use extrapolated values for the
data points at the two lowest δη instead of their measured ones
in calculating the width. For the lower bound of systematic un-
certainty estimate, the extrapolations from the larger δη data are
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We present measurements of the charge balance function, from the charged particles, for diverse
pseudorapidity and transverse momentum ranges in Au + Au collisions at

√
sN N = 200 GeV using the

STAR detector at RHIC. We observe that the balance function is boost-invariant within the pseudorapidity
coverage [−1.3,1.3]. The balance function properly scaled by the width of the observed pseudorapidity
window does not depend on the position or size of the pseudorapidity window. This scaling property
also holds for particles in different transverse momentum ranges. In addition, we find that the width
of the balance function decreases monotonically with increasing transverse momentum for all centrality
classes.

© 2010 Elsevier B.V.

Particle production in elementary collisions at high energy is
constrained by conservation laws. Electric charge conservation, in
particular, constrains the balance of charged particles produced
in a collision. The electric charge balance function (BF) is an ob-
servable specifically designed to measure the balance, and thereby
provide insight into the particle production processes in elemen-
tary collisions at high energy [1]. It has been used in hadron–
hadron, lepton–hadron, and e+e− collisions to study hadronization
schemes [1–3]. The BF has recently gained particular interest in
clocking hadronization in relativistic heavy-ion collisions, where a
new state of matter – the quark–gluon plasma (QGP) – would be
formed. The formation of QGP will allow a partonic charge diffu-
sion in longitudinal phase space, and would lead to a widening of
the charge balance function [4].

The BF is defined in terms of a combination of four different
conditional densities of charged hadrons [1]. It measures how the
net charge at any point of the phase space is rearranged if the
charge at a selected point changes. Projected on to the pseudora-
pidity difference δη = η1 − η2 of two charged particles in a given
pseudorapidity window ηw, the BF becomes [4,5]

B(δη|ηw) = 1
2

! ⟨n+−(δη,ηw)⟩ − ⟨n++(δη,ηw)⟩
⟨n+(ηw)⟩

+ ⟨n−+(δη,ηw)⟩ − ⟨n−−(δη,ηw)⟩
⟨n−(ηw)⟩

"
(1)

where ⟨n+(ηw)⟩ and ⟨n−(ηw)⟩ are respectively the event averaged
number of measured positively and negatively charged particles.
⟨n+−(δη,ηw)⟩ = ⟨n−+(δη,ηw)⟩ is the event averaged number of
pairs of particles with opposite charges separated by pseudorapid-
ity δη. ⟨n++(δη,ηw)⟩ and ⟨n−+(δη,ηw)⟩ are defined correspond-
ingly for pairs of positively and negatively charged particles, re-
spectively. The charge balance function is a differential combina-
tion of all possible charge correlations. Its integral over rapidity
space is related to measures of charge fluctuation [6].

Measurements of the BF in relativistic heavy-ion collisions have
been reported by several experiments [5,7,8]. However, these ex-
periments feature significant difference of acceptance in pseudo-
rapidity and transverse momentum. Comparison of results from
these experiments is thus only qualitative. A quantitative compar-
ative analysis of these results requires a better understanding of

the BF dependence on pseudorapidity and momentum acceptance
[5,7,9,10].

This BF dependence has been studied in π+p and K+p colli-
sions at 250 GeV/c incident beam momentum by a fixed target
experiment with large acceptance [9]. In those collisions, the BF
is found to be invariant under longitudinal boost over the whole
rapidity range of produced particles (−5 < y < 5), i.e., the ratio of
B(δy|yw) to (1−δy/|yw|) is independent of the observed window,
|yw|, and corresponds to the BF of the whole rapidity range [6].

The aim of the analysis presented in this Letter is to verify
whether the boost invariance observed in elementary collisions
is also present in Au + Au collisions at

√
sN N = 200 GeV. To this

end, we first study the BF using equal size pseudorapidity win-
dows spanning various pseudorapidity ranges within a relatively
wide pseudorapidity coverage of the STAR Time Projection Cham-
ber (TPC). Given that the shape of the BF depends by definition
on the width of the pseudorapidity acceptance, we next scale the
measured BF by an acceptance factor determined by the width of
the observed pseudorapidity window. The scaled balance function,
Bs(δη), is defined as

Bs(δη) = B(δη|ηw)

1 − δη
|ηw|

(2)

where δη is the particle separation in pseudorapidity, and |ηw|
represents the size of pseudorapidity window. This scaled BF
shows how the balance function extends with the widening of the
pseudorapidity window.

We further explore the scaling property of the BF in different
ranges of transverse momentum pT. The pT of final state particles
is suggested to characterize their emission proper-time τ [11–13].
Particles with different pT may be produced at different stages of
the evolution after the collision. This relation between pT and τ
has been assumed in hydrodynamic models [14], which qualita-
tively describe the data of pT dependence of anisotropic collective
flow [15]. Examining the pT dependence of the scaling of the BF
will provide an additional experimental test of this assumption.

In thermal models, particle velocities are determined by the lo-
cal temperature, collective flow velocity and the particle masses.
For relativistic particles, the thermal velocity along the beam axis
is a function of the particle’s transverse mass, and therefore is
affected by transverse expansion. Lower freeze-out temperature
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Fig. 2. (Color online.) Balance function as a function of !η for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

Fig. 3. (Color online.) Balance function as a function of !ϕ for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

of the assigned systematic uncertainty on the width of the balance
function, calculated for each centrality and for both !η and !ϕ ,
will be discussed in the next paragraph.

The data sample was analyzed separately for two magnetic field
configurations. The two data samples had comparable statistics.
The maximum value of the systematic uncertainty, defined as half
of the difference between the balance functions in these two cases,
is found to be less than 1.3% over all centralities. In addition, we
estimated the contribution to the systematic uncertainty originat-
ing from the centrality selection, by determining the centrality not
only with the VZERO detector but alternatively using the multi-
plicity of the TPC tracks or the number of clusters of the second
SPD layer. This resulted in an additional maximum contribution
to the estimated systematic uncertainty of 0.8% over all centrali-
ties. Furthermore, we investigated the influence of the ranges of
the cuts in parameters such as the position of the primary vertex
in the z coordinate (|V z| < 6–12 cm), the dca (dxy < 1.8–2.4 cm
and dz < 2.6–3.2 cm), and the number of required TPC clusters
(Nclusters(TPC) > 60–90). This was done by varying the relevant
ranges, one at a time, and again assigning half of the difference be-
tween the lower and higher value of the width to the systematic
uncertainty. The maximum contribution from these sources was
estimated to be 1.3%, 1.1% and 1.3% for the three parameters, re-
spectively. We also studied the influence of the different tracking

modes used by repeating the analysis using tracks reconstructed
by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
the width from this source is 1.1%, again over all centralities. Fi-
nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
and 3.6%, respectively, in ⟨!η⟩ (1.9%, 1.2% and 2.4%, respectively,
in ⟨!ϕ⟩).

5. Discussion

5.1. Centrality dependence

The width of the balance function (Eq. (3)) as a function of
the centrality percentile is presented in Fig. 4. Central (peripheral)
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by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
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nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
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of forward detectors, namely the VZERO scintillator arrays, were
used in the trigger logic and also for the centrality determina-
tion [23]. The VZERO detector consists of two arrays of scintillator
counters, the VZERO-A and the VZERO-C, positioned on each side
of the interaction point. They cover the pseudorapidity ranges of
2.8 < η < 5.1 and −3.7 < η < −1.7 for VZERO-A and VZERO-C, re-
spectively.

For more details on the ALICE experimental setup, see [20].

3. Data analysis

Approximately 15 × 106 Pb–Pb events, recorded during the first
LHC heavy-ion run in 2010 at

√
sN N = 2.76 TeV, were analyzed. A

minimum bias trigger was used, requiring two pixel chips hit in
the SPD in coincidence with a signal in the VZERO-A and VZERO-
C detectors. Measurements were also made with the requirement
changed to a coincidence between signals from the two sides of
the VZERO detectors. An offline event selection was also applied in
order to reduce the contamination from background events, such
as electromagnetic and beam–gas interactions. All events were re-
quired to have a reconstructed vertex position along the beam axis
(V z) with |V z| < 10 cm from the nominal interaction point.

The data were sorted according to centrality classes, reflecting
the geometry of the collision (i.e. impact parameter), which span
0–80% of the inelastic cross section. The 0–5% bin corresponds to
the most central (i.e. small impact parameter) and the 70–80%
class to the most peripheral (i.e. large impact parameter) collisions.
The centrality of the collision was estimated using the charged par-
ticle multiplicity distribution and the distribution of signals from
the VZERO scintillator detectors. Fitting these distributions with a
Glauber model [24], the centrality classes are mapped to the cor-
responding mean number of participating nucleons ⟨Npart⟩ [25].
Different centrality estimators (i.e. TPC tracks, SPD clusters) were
used to investigate the systematic uncertainties. Further details on
the centrality determination can be found in [23].

To select charged particles with high efficiency and to minimize
the contribution from background tracks (i.e. secondary particles
originating either from weak decays or from the interaction of
particles with the material), all selected tracks were required to
have at least 70 reconstructed space points out of the maximum
of 159 possible in the TPC. The ⟨χ2⟩ per degree of freedom the
momentum fit was required to be below 2. To further reduce the
contamination from background tracks, a cut on the distance of
closest approach between the tracks and the primary vertex (dca)
was applied (dcaxy/dxy)

2 + (dcaz/dz)
2 < 1 with dxy = 2.4 cm and

dz = 3.2 cm. In the parallel analysis, with the combined track-
ing of the TPC and the ITS, the values of dxy = 0.3 cm and
dz = 0.3 cm were used, profiting from the better dca resolution
that the ITS provides. Finally, we report the results for the region
of |η| < 0.8 and 0.3 < pT < 1.5 GeV/c. The pT range is chosen to
ensure a high tracking efficiency (lower cut) and a minimum con-
tribution from (mini-)jet correlations (upper cut).

4. Results

As discussed in the introduction, the correction factors f+− ,
f−+ , f++ , and f−− are needed to eliminate the dependence of the
balance function on the detector acceptance and tracking ineffi-
ciencies. The tracking efficiency is extracted from a detailed Monte
Carlo simulation of the ALICE detector based on GEANT3 [26].
It depends on the particle’s transverse momentum, rising steeply
from 0.2 up to 0.5 GeV/c, where it reaches the saturation value of
85%. The acceptance part of the correction factors, α($η,$ϕ), is
extracted from mixed events. The mixed events are generated by
taking all two-particle non-same-event combinations for a collec-

Fig. 1. (Color online.) The correction factor f+−($η,$ϕ) for the 5% most central
Pb–Pb collisions, extracted from the single particle tracking efficiencies ε(η,ϕ, pT)

and the acceptance terms α($η,$ϕ) (see text for details).

tion of a few (≈ 5) events with similar values of the z position of
the reconstructed vertex (|$V z| < 5 cm). In addition, the events
used for the event mixing belonged to the same centrality class
and had multiplicities that did not differ by more than 1–2%, de-
pending on the centrality. Fig. 1 presents the correction factor for
the distribution of pairs of particles with opposite charge as a func-
tion of the relative pseudorapidity and azimuthal angle differences
for the 5% most central Pb–Pb collisions. The maximum value is
observed for $η = 0 and is equal to the pT-integrated single par-
ticle efficiency. The distribution decreases to ≈ 0 near the edge of
the acceptance i.e. |$η| ≈ 1.6. This reduction reflects the decrease
of the probability of detecting both balancing charges as the rel-
ative pseudorapidity difference increases. The correction factor is
constant as a function of $ϕ .

The measured balance function is averaged over positive and
negative values of $η ($ϕ) and reported only for positive values.
The integrals of the balance function over the reported region are
close to 0.5, reflecting the fact that most of the balancing charges
are distributed in the measured region.

Fig. 2 presents the balance functions as a function of the rela-
tive pseudorapidity $η for three different centrality classes: the
0–5% (most central), the 30–40% (mid-central) and the 70–80%
(most peripheral) centrality bins. It is seen that the balance func-
tion, in full circles, gets narrower for more central collisions. Fig. 2
presents also the balance functions for mixed events, not corrected
for detector effects, represented by the open squares. These bal-
ance functions, fluctuate around zero as expected for a totally un-
correlated sample where the charge is not conserved.

Fig. 3 presents the balance functions as a function of the rel-
ative azimuthal angle for the same centrality classes as in Fig. 2.
The balance functions calculated using mixed events and not cor-
rected for the tracking efficiency exhibit a distinct modulation orig-
inating from the 18 sectors of the TPC. This modulation is more
pronounced for more central collisions, since the charge depen-
dent acceptance differences scale with multiplicity. The efficiency-
corrected balance functions, represented by the full markers, in-
dicate that these detector effects are successfully removed. Nar-
rowing of the balance function in more central events has been
also observed in this representation. A decrease of the balance
function at small $ϕ (i.e. for $ϕ ! 10◦) can be observed for
the mid-central and peripheral collisions. This can be attributed
to short-range correlations between pairs of same and opposite
charge, such as HBT and Coulomb effects [17].

In both Figs. 2 and 3 as well as in the next figures, the error bar
of each point corresponds to the statistical uncertainty (typically
the size of the marker). The systematic uncertainty is represented
by the shaded band around each point. The origin and the value

First data based correction for the acceptance
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Fig. 2. Bs(δη) based on B(δη|ηw) values measured in different pseudorapidity windows for particles in four pT bins. The data are from 0–80% Au + Au collisions at 200 GeV.
Error bars are statistical only. Systematic errors are of the order of 5%.

Table 1
The widths ⟨δη⟩ of the Bs(δη) for four pT bins. The first and second errors are statistical and systematic, respectively. The data are from 0–80% Au + Au collisions at 200 GeV.

pT (GeV/c) (0.15,0.4) (0.4,0.7) (0.7,1) (1,2)

⟨δη⟩ 0.652 ± 0.006+0.081
− 0.029 0.609 ± 0.008+0.049

− 0.037 0.536 ± 0.016+0.047
− 0.041 0.487 ± 0.014+0.079

− 0.021

Fig. 3. Upper panel: the pT dependence of the width of the BF in different centrality bins; Lower panel: the centrality dependence of the width of the BF in different pT
intervals. Data are from Au + Au collisions at 200 GeV.

done by two functional forms in order to well fit the data. One is
exponential for the pT in (0.15,0.4) GeV/c and Gaussian for the
other three pT bins. For the upper bound of systematic uncertainty
estimate, the extrapolated function is multinomial for all four pT
bins. Table 1 shows that the width of the scaled BF becomes nar-
rower for increasing pT. This observation is qualitatively consistent
with expectations from thermal models [6].

As shown in [5], the width of the BF decreases with colli-
sion centrality. The decreases in the BF width with increasing
pT and increasing centrality could be associated with transverse
radial flow [20]. In order to disentangle these effects, we fur-
ther study the pT dependence of ⟨δη⟩ in different centrality bins.
This is shown in the upper panel of Fig. 3. It shows clearly that
the width of the BF decreases with increasing transverse mo-
mentum of final state particles in each centrality bin. We also
study the centrality dependence of ⟨δη⟩ in different pT inter-
vals. This is presented in the lower panel of Fig. 3. It shows that
the narrowing of the BF with increasing centrality is present in
all pT bins. Our results demonstrate that the BF becomes nar-
rower with increasing pT in each given centrality bin, and in
more central collisions in each given pT bin. The width of BF
depends on both centrality and pT. The origin of these narrow-
ings and their possible connections should provide more insight
into the particle production dynamics in relativistic heavy-ion col-
lisions.

In summary, we present a first measurement of the longitu-
dinal scaling property of the charge balance function in Au + Au
collisions at 200 GeV with the STAR detector at RHIC. The results
demonstrate that within the pseudorapidity range − 1.3 < η < 1.3,
the balance function in equal size windows is independent of the
position of the window, and the balance function, when properly
scaled by the width of the pseudorapidity window, is found to be
independent of the position and size of the window. This scal-
ing property of the balance function is also observed for particles
in different pT ranges. It is further shown that the width of the
scaled BF decreases with increases of both the particle transverse
momentum and the collision centrality.

We conclude that the scaling property of the BF, observed in
hadron–hadron collisions [9], is also present in nucleus–nucleus
collisions at mid-rapidity at RHIC. This indicates that charge com-
pensation in strong interactions is essentially boost-invariant. It
provides a good test for the hadronization mechanism in currently
available models [18]. The narrowing of the BF with increasing pT
and centrality warrants further investigation.
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Fig. 6 The balance function for charged particles with 2.0 <
pT,assoc < 3.0 < pT,trig < 4 .0 GeV/c as a function of !η (upper
row) and !ϕ (lower row) in different multiplicity classes of Pb–Pb, in

panels a and d, p–Pb, in panels b and e, and pp collisions, in panels c
and f, at

√
sNN = 2.76, 5.02, and 7 TeV, respectively

transverse momenta, 3.0 < pT,assoc < 8.0 < pT,trig <

15.0 GeV/c , shown in Fig. 7.
The charge-dependent correlations exhibit little if any

multiplicity dependence, in contrast to the findings from the
lower transverse momentum region. In addition, the distribu-
tions in the intermediate and high-pT range are significantly
narrower than the corresponding distributions at lower values
of pT for each multiplicity class.

The widths of the balance function, σ!η and σ!ϕ for
the different transverse momentum regions, are presented
in Figs. 8 and 9 as a function of the multiplicity class, for
Pb–Pb and p–Pb collisions, respectively. The observed nar-
rowing of the balance function with increasing multiplicity
is restricted to the lower transverse momentum region, i.e.
where the bulk of particles are produced. For higher trans-
verse momenta, the multiplicity class dependence is signif-
icantly reduced, or even vanishes. In addition, the values of
σ!η and σ!ϕ decrease with increasing pT for a given multi-
plicity class. This decrease can be attributed to the transition
to a region where initial hard-scattering processes and par-

ton fragmentation become the dominant particle production
mechanism. The emerging hadrons are thus correlated within
a cone whose angular size decreases with increasing pT.

For pp collisions, the widths of the balance function
σ!η and σ!ϕ are compared with results from PYTHIA in
Fig. 10. The tune of PYTHIA8 without the inclusion of color
reconnection is found to describe the data at a quantitative
level, for both σ!η and σ!ϕ . On the other hand, PYTHIA8
with the inclusion of color reconnection shows a broaden-
ing of the distributions with increasing multiplicity in both
!η and !ϕ, which is not supported by the data.

6.3 Comparison between the three systems

A comparison of the widths of the balance function in pp,
p–Pb, and Pb–Pb as a function of particle multiplicity can
provide direct information about differences and similarities
between these systems in e.g. particle production mecha-
nisms. It is important to note though, that this is performed
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multiplicity dependence, in contrast to the findings from the
lower transverse momentum region. In addition, the distribu-
tions in the intermediate and high-pT range are significantly
narrower than the corresponding distributions at lower values
of pT for each multiplicity class.

The widths of the balance function, σ!η and σ!ϕ for
the different transverse momentum regions, are presented
in Figs. 8 and 9 as a function of the multiplicity class, for
Pb–Pb and p–Pb collisions, respectively. The observed nar-
rowing of the balance function with increasing multiplicity
is restricted to the lower transverse momentum region, i.e.
where the bulk of particles are produced. For higher trans-
verse momenta, the multiplicity class dependence is signif-
icantly reduced, or even vanishes. In addition, the values of
σ!η and σ!ϕ decrease with increasing pT for a given multi-
plicity class. This decrease can be attributed to the transition
to a region where initial hard-scattering processes and par-

ton fragmentation become the dominant particle production
mechanism. The emerging hadrons are thus correlated within
a cone whose angular size decreases with increasing pT.

For pp collisions, the widths of the balance function
σ!η and σ!ϕ are compared with results from PYTHIA in
Fig. 10. The tune of PYTHIA8 without the inclusion of color
reconnection is found to describe the data at a quantitative
level, for both σ!η and σ!ϕ . On the other hand, PYTHIA8
with the inclusion of color reconnection shows a broaden-
ing of the distributions with increasing multiplicity in both
!η and !ϕ, which is not supported by the data.

6.3 Comparison between the three systems

A comparison of the widths of the balance function in pp,
p–Pb, and Pb–Pb as a function of particle multiplicity can
provide direct information about differences and similarities
between these systems in e.g. particle production mecha-
nisms. It is important to note though, that this is performed
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becomes evident once the correlations observed in the low-
est multiplicity class are subtracted from the ones recorded
in the highest multiplicity class. The ordering is less pro-
nounced, yet still present, if this subtraction procedure is not
applied. Similar mass ordering in Pb–Pb collisions [46] is
usually attributed to the interplay between radial and elliptic
flow induced by the collective motion of the system. These
observations in p–Pb collisions were reproduced by mod-
els incorporating a hydrodynamic expansion of the system
[47,48]. Recently, it was suggested in [49] that the signa-
tures of collective effects observed in experiments could be
partially described by models that couple the hot QCD mat-
ter created in these small systems, described as an ensem-
ble of non-interacting particles, to a late stage hadronic cas-
cade model. More recently, the CMS Collaboration demon-
strated that the effects responsible for the observed corre-
lations in high-multiplicity p–Pb events are of multiparticle
nature [50]. This strengthens the picture of the development
of collective effects even in these small systems.

The charge-dependent part of two-particle correlations is
traditionally studied with the balance function (BF) [51],
described in detail in Sect. 4. Such studies have emerged as
a powerful tool to probe the properties of the system created
in high energy collisions. Particle production is governed by
conservation laws, such as local charge conservation. The
latter ensures that each charged particle is balanced by an
oppositely-charged partner, created at the same location in
space and time. The BF reflects the distribution of balancing
charges in momentum space. It is argued to be a sensitive
probe of both the time when charges are created [51,52] and
of the collective motion of the system [26,53]. In particular,
the width of the balance function is expected to be small in
the case of a system consisting of particles that are created
close to the end of its evolution and are affected by radial
flow [26,51–53]. On the other hand, a wide balance function
distribution might signal the creation of balancing charges at
the first stages of the system’s evolution [26,51–53] and the
reduced contribution or absence of radial flow.

In this article, we extend the previous measurements [54]
by reporting results on the balance function in pp, p–Pb, and
Pb–Pb collisions at

√
sNN = 7, 5.02, and 2.76 TeV, respec-

tively. The data were recorded with the ALICE detector [55–
57]. The results are presented as a function of multiplicity and
transverse momentum (pT) to investigate potential scaling
properties and similarities or differences between the three
systems. The article is organized as follows: Sect. 2 briefly
describes the experimental setup, while details about the data
sample and the selection criteria are introduced in Sect. 3. In
Sect. 4, the analysis technique and the applied corrections are
illustrated. In Sect. 5, the specifics about the estimation of the
systematic uncertainties are described. Section 6 discusses
the results followed by a detailed comparison with models to
investigate the influence of different mechanisms (e.g. unre-

lated to hydrodynamic effects) on the balance functions. In
the same section, the comparison of the results among the
three systems is presented.

2 Experimental setup

ALICE [57] is one of the four major detectors at the LHC.
It is designed to efficiently reconstruct and identify particles
in the high-particle density environment of central Pb–Pb
collisions [58,59]. The experiment consists of a number of
central barrel detectors positioned inside a solenoidal mag-
net providing a 0.5 T field parallel to the beam direction,
and a set of forward detectors. The central detector systems
of ALICE provide full azimuthal coverage for track recon-
struction within a pseudorapidity window of |η| < 0.9. The
experimental setup is also optimized to provide good momen-
tum resolution (about 1 % at pT < 1 GeV/c) and particle
identification (PID) over a broad momentum range [60].

For this analysis, charged particles were reconstructed
using the Time Projection Chamber (TPC) [61] and the Inner
Tracking System (ITS) [57]. The TPC is the main tracking
detector of the central barrel [61], consisting of 159 pad rows
grouped into 18 sectors that cover the full azimuth within
|η| < 0.9. The inner and outer radii of the detector are 85
and 247 cm, respectively. The ITS consists of six layers of
silicon detectors employing three different technologies. The
two innermost layers, positioned at r = 3.9 and 7.6 cm, are
Silicon Pixel Detectors (SPD), followed by two layers of Sili-
con Drift Detectors (SDD) at r = 15 and 23.9 cm. Finally, the
two outermost layers are double-sided Silicon Strip Detec-
tors (SSD) at r = 38 and 43 cm.

A set of forward detectors, the V0 scintillator arrays [62],
were used in the trigger logic and the multiplicity determina-
tion. The V0 consists of two systems, the V0A and the V0C,
positioned on both sides of the interaction point along the
beam. They cover the pseudorapidity ranges 2.8 < η < 5.1
and −3.7 < η < −1.7 for the V0A and the V0C, respec-
tively.

For more details on the ALICE detector setup and its per-
formance in the LHC run 1, see [57,60].

3 Analysis details

This analysis is based on data from pp, p–Pb, and Pb–Pb
collisions. The data were recorded for pp collisions during
the 2010 run at

√
s = 7 TeV, for p–Pb collisions during the

2013 run at
√
sNN = 5.02 TeV, and for Pb–Pb collisions

during the 2010 and 2011 runs at
√
sNN = 2.76 TeV. In

p–Pb collisions, the nucleon–nucleon centre-of-mass system
was shifted with respect to the ALICE laboratory system by
a rapidity of −0.465 in the direction of the proton beam.
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Abstract We report on two-particle charge-dependent cor-
relations in pp, p–Pb, and Pb–Pb collisions as a function of the
pseudorapidity and azimuthal angle difference, "η and "ϕ

respectively. These correlations are studied using the balance
function that probes the charge creation time and the develop-
ment of collectivity in the produced system. The dependence
of the balance function on the event multiplicity as well as on
the trigger and associated particle transverse momentum (pT)
in pp, p–Pb, and Pb–Pb collisions at

√
sNN = 7, 5.02, and

2.76 TeV, respectively, are presented. In the low transverse
momentum region, for 0.2 < pT < 2.0 GeV/c, the balance
function becomes narrower in both "η and "ϕ directions
in all three systems for events with higher multiplicity. The
experimental findings favor models that either incorporate
some collective behavior (e.g. AMPT) or different mecha-
nisms that lead to effects that resemble collective behavior
(e.g. PYTHIA8 with color reconnection). For higher values
of transverse momenta the balance function becomes even
narrower but exhibits no multiplicity dependence, indicating
that the observed narrowing with increasing multiplicity at
low pT is a feature of bulk particle production.

1 Introduction

Angular correlations between two particles have been estab-
lished as a powerful tool to study the properties of the system
created in high energy collisions of hadrons and nuclei [1–
16]. These measurements are usually performed in a two
dimensional space as a function of "η and "ϕ. Here "η and
"ϕ are the differences in pseudorapidity η = −ln[tan(θ/2)]
(where θ is the polar angle of a particle relative to the beam
axis) and in azimuthal angle ϕ of the two particles.

In heavy-ion collisions at both the Relativistic Heavy
Ion Collider (RHIC) [3–11] and at the Large Hadron Col-
lider (LHC) [12–16], these correlations exhibit characteristic

⋆ e-mail: alice-publications@cern.ch

structures: (a) a peak at ("η,"ϕ) = (0, 0), usually referred to
as the near-side jet peak, resulting from intra-jet correlations
as well as correlation due to decay of resonances and quantum
statistics correlations, (b) an elongated structure over "η at
"ϕ = π originating partially from correlations between par-
ticles from back-to-back jets and from collective effects such
as anisotropic flow, and (c) a similar component at "ϕ = 0
extending to large values of "η, usually called the near-side
ridge, whose origin was subject of a theoretical debate [17–
31]. Although initially the near-side ridge was also attributed
to jet–medium interactions [17–20], it is now believed to be
associated to the development of collective motion [24–31]
and to initial state density fluctuations, including the initial
state effects within the framework of the Color Glass Con-
densate (CGC) [21–23].

Similar structures have recently been reported in two-
particle correlation analyses in smaller systems. In particu-
lar, the CMS Collaboration, by studying angular correlations
between two particles in "η and "ϕ, reported the develop-
ment of an enhancement of correlations on the near-side (i.e.
"ϕ = 0) in high- compared to low-multiplicity pp collisions
at

√
s = 7 TeV that persists over large values of "η [32]. In

the subsequent data taking periods at the LHC, similar ridge
structures were observed on both the near- and the away-side
in high-multiplicity p–Pb collisions at

√
sNN =5.02 TeV [33–

38]. The origin of these effects, appearing in small systems,
is still debated theoretically. In particular, it was suggested
in [39–41] that in high-multiplicity collisions the small sys-
tem develops collective motion during a short hydrodynamic
expansion phase. On the other hand, in [42–44] the authors
suggested that the ridge structure can be understood within
the CGC framework.

The ALICE Collaboration also reported a particle mass
ordering in the extracted v2 (i.e. the second coefficient of the
Fourier expansion of the azimuthal distribution of particles
relative to the symmetry plane) values for π ± , K± , and p(p)
in high-multiplicity p–Pb collisions [45]. This mass ordering
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Fig. 2. (Color online.) Balance function as a function of !η for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

Fig. 3. (Color online.) Balance function as a function of !ϕ for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

of the assigned systematic uncertainty on the width of the balance
function, calculated for each centrality and for both !η and !ϕ ,
will be discussed in the next paragraph.

The data sample was analyzed separately for two magnetic field
configurations. The two data samples had comparable statistics.
The maximum value of the systematic uncertainty, defined as half
of the difference between the balance functions in these two cases,
is found to be less than 1.3% over all centralities. In addition, we
estimated the contribution to the systematic uncertainty originat-
ing from the centrality selection, by determining the centrality not
only with the VZERO detector but alternatively using the multi-
plicity of the TPC tracks or the number of clusters of the second
SPD layer. This resulted in an additional maximum contribution
to the estimated systematic uncertainty of 0.8% over all centrali-
ties. Furthermore, we investigated the influence of the ranges of
the cuts in parameters such as the position of the primary vertex
in the z coordinate (|V z| < 6–12 cm), the dca (dxy < 1.8–2.4 cm
and dz < 2.6–3.2 cm), and the number of required TPC clusters
(Nclusters(TPC) > 60–90). This was done by varying the relevant
ranges, one at a time, and again assigning half of the difference be-
tween the lower and higher value of the width to the systematic
uncertainty. The maximum contribution from these sources was
estimated to be 1.3%, 1.1% and 1.3% for the three parameters, re-
spectively. We also studied the influence of the different tracking

modes used by repeating the analysis using tracks reconstructed
by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
the width from this source is 1.1%, again over all centralities. Fi-
nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
and 3.6%, respectively, in ⟨!η⟩ (1.9%, 1.2% and 2.4%, respectively,
in ⟨!ϕ⟩).

5. Discussion

5.1. Centrality dependence

The width of the balance function (Eq. (3)) as a function of
the centrality percentile is presented in Fig. 4. Central (peripheral)
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where Cab(P2, P1) = Nab(P2, P1)/Nb(P1) is the distribution of
pairs of particles, of type a and b, with momenta P2 and P1,
respectively, normalized to the number of particles b. Particles a
and b could come from different particle species (e.g. π+–π− ,
K+–K− , p–p). In this Letter, a refers to all positive and b to all
negative particles. This analysis is performed for both particles in
the pseudorapidity intervals |η| < 0.8. We assume that the balance
function is invariant over pseudorapidity in this region, and report
the results in terms of the relative pseudorapidity #η = ηb − ηa
and the relative azimuthal angle #ϕ = ϕb − ϕa , by averaging the
balance function over the position of one of the particles (similar
equation is used for B(#ϕ)):

B+−(#η) = 1
2

!
C+−(#η) + C−+(#η) − C−−(#η) − C++(#η)

"
.

(2)

Each term of Eq. (2), is corrected for detector and tracking in-
efficiencies as well as for acceptance effects and can be written as
Cab = (Nab/Nb)/ fab . The factors fab (where in the case of charged
particles, a and b correspond to the charge i.e. f+− , f−+ , f++
and f−−) represent the probability that given a particle a is recon-
structed, a second particle emitted at a relative pseudorapidity or
azimuthal angle (#η or #ϕ , respectively), would also be detected.
These terms are defined as the product of the single particle track-
ing efficiency ε(η,ϕ, pT) and the acceptance term α(#η,#ϕ). The
way they are extracted in this analysis with a data driven method
is described in one of the following sections.

For a neutral system, every charge has an opposite balancing
partner and the balance function would integrate to unity. How-
ever, this normalization does not hold if not all charged particles
are included in the calculation due to specific momentum range or
particle type selection.

The width of the balance function distribution can be used to
quantify how tightly the balancing charges are correlated. It can
be characterized by the average ⟨#η⟩ or ⟨#ϕ⟩ in case of studies
in pseudorapidity or the azimuthal angle, respectively. The mathe-
matical expression for the case of correlations in pseudorapidity is
given in Eq. (3) (similar for ⟨#ϕ⟩),

⟨#η⟩ =
k#

i=1

$
B+−(#ηi) · #ηi

%
/

k#

i=1

B+−(#ηi), (3)

where B+−(#ηi) is the balance function value for each bin #ηi ,
with the sum running over all bins k.

Experimentally, the balance function for non-identified parti-
cles was studied by the STAR Collaboration in Au–Au collisions
at

√
sN N = 130 GeV [7], followed by the NA49 experiment in

Pb–Pb collisions at the highest SPS energy [8]. Both experiments
reported the narrowing of the balance function in #η in more
central compared to peripheral collisions. The results were qual-
itatively in agreement with theoretical expectations for a system
with a long-lived QGP phase and exhibiting delayed hadroniza-
tion. These results triggered an intense theoretical investigation of
their interpretation [9–15]. In [9], it was suggested that the balance
function could be distorted by the excess of positive charges due
to the protons of the incoming beams (unbalanced charges). This
effect is expected to be reduced at higher collision energy, leav-
ing a system at mid-rapidity that is net-baryon free. Also in [9],
it was proposed to perform balance function studies in terms of
the relative invariant momentum of the particle pair, to eliminate
the sensitivity to collective flow. In [10], it was shown that purely
hadronic models predict a modest broadening of the balance func-
tion for central heavy-ion collisions, contrary to the experimen-
tally measured narrowing. It was also shown that thermal models

were in agreement with the (at that time) published data, con-
cluding that charge conservation is local at freeze-out, consistent
with the delayed charged-creation scenario [10]. Similar agreement
with the STAR data was reported in [11], where a thermal model
that included resonances was used. In [12], the author showed
that the balance function, when measured in terms of the relative
azimuthal angle of the pair, is a sensitive probe of the system’s
collective motion and in particular of its radial flow. In [13], it was
suggested that radial flow is also the driving force of the narrow-
ing of the balance function in pseudorapidity, with its width being

inversely proportional to the transverse mass, mT =
&

m2 + p2
T. In

parallel in [14,15], the authors attributed the narrowing of the bal-
ance function for more central collisions to short range correlations
in the QGP at freeze-out.

Recently, the STAR Collaboration extended their balance func-
tion studies in Au–Au collisions at

√
sN N = 200 GeV [16], con-

firming the strong centrality dependence of the width in #η but
also revealing a similar dependence in #ϕ , the latter being mainly
attributed to radial flow. Finally, in [17] the authors fitted the ex-
perimentally measured balance function at the top RHIC energies
with a blast-wave parameterization and argued that in #ϕ the
results could be explained by larger radial flow in more central col-
lisions. However the results in #η could only be reproduced when
considering the separation of charges at freeze-out implemented
in the model. They also stressed the importance of performing a
multi-dimensional analysis. In particular, they presented how the
balance function measured with respect to the orientation of the
reaction plane (i.e. the plane of symmetry of a collision defined by
the impact parameter vector and the beam direction) could probe
potentially one of the largest sources of background in studies re-
lated to parity violating effects in heavy-ion collisions [18].

In this Letter we report the first results of the balance function
measurements in Pb–Pb collisions at

√
sN N = 2.76 TeV with the

ALICE detector [19,20]. The Letter is organized as follows: Section 2
briefly describes the experimental setup, while details about the
data analysis are presented in Section 3. In Section 4 we discuss
the main results followed by a detailed comparison with different
models in Section 5. In the same section we present the energy de-
pendence of the balance function. We conclude with the summary
and a short outlook.

2. Experimental setup

ALICE [20] is the dedicated heavy-ion detector at the LHC,
designed to cope with the high charged-particle densities mea-
sured in central Pb–Pb collisions [21]. The experiment consists of
a large number of detector subsystems inside a solenoidal mag-
net (0.5 T). The central tracking systems of ALICE provide full az-
imuthal coverage within a pseudorapidity window |η| < 0.9. They
are also optimized to provide good momentum resolution (≈ 1% at
pT < 1 GeV/c) and particle identification (PID) over a broad mo-
mentum range, the latter being important for the future, particle
type dependent balance function studies.

For this analysis, the charged particles were reconstructed using
the Time Projection Chamber (TPC) [22], which is the main tracking
detector of the central barrel. In addition, a complementary anal-
ysis relying on the combined tracking of the TPC and the Inner
Tracking System (ITS) was performed. The ITS consists of six lay-
ers of silicon detectors employing three different technologies. The
two innermost layers are Silicon Pixel Detectors (SPD), followed by
two layers of Silicon Drift Detectors (SDD). Finally the two outermost
layers are double-sided Silicon Strip Detectors (SSD).

The position of the primary interaction was determined by the
TPC and by the SPD, depending on the tracking mode used. A set

Let us use the units such that the integrals could be easily estimated!
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Fig. 2. (Color online.) Balance function as a function of !η for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

Fig. 3. (Color online.) Balance function as a function of !ϕ for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

of the assigned systematic uncertainty on the width of the balance
function, calculated for each centrality and for both !η and !ϕ ,
will be discussed in the next paragraph.

The data sample was analyzed separately for two magnetic field
configurations. The two data samples had comparable statistics.
The maximum value of the systematic uncertainty, defined as half
of the difference between the balance functions in these two cases,
is found to be less than 1.3% over all centralities. In addition, we
estimated the contribution to the systematic uncertainty originat-
ing from the centrality selection, by determining the centrality not
only with the VZERO detector but alternatively using the multi-
plicity of the TPC tracks or the number of clusters of the second
SPD layer. This resulted in an additional maximum contribution
to the estimated systematic uncertainty of 0.8% over all centrali-
ties. Furthermore, we investigated the influence of the ranges of
the cuts in parameters such as the position of the primary vertex
in the z coordinate (|V z| < 6–12 cm), the dca (dxy < 1.8–2.4 cm
and dz < 2.6–3.2 cm), and the number of required TPC clusters
(Nclusters(TPC) > 60–90). This was done by varying the relevant
ranges, one at a time, and again assigning half of the difference be-
tween the lower and higher value of the width to the systematic
uncertainty. The maximum contribution from these sources was
estimated to be 1.3%, 1.1% and 1.3% for the three parameters, re-
spectively. We also studied the influence of the different tracking

modes used by repeating the analysis using tracks reconstructed
by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
the width from this source is 1.1%, again over all centralities. Fi-
nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
and 3.6%, respectively, in ⟨!η⟩ (1.9%, 1.2% and 2.4%, respectively,
in ⟨!ϕ⟩).

5. Discussion

5.1. Centrality dependence

The width of the balance function (Eq. (3)) as a function of
the centrality percentile is presented in Fig. 4. Central (peripheral)
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where Cab(P2, P1) = Nab(P2, P1)/Nb(P1) is the distribution of
pairs of particles, of type a and b, with momenta P2 and P1,
respectively, normalized to the number of particles b. Particles a
and b could come from different particle species (e.g. π+–π− ,
K+–K− , p–p). In this Letter, a refers to all positive and b to all
negative particles. This analysis is performed for both particles in
the pseudorapidity intervals |η| < 0.8. We assume that the balance
function is invariant over pseudorapidity in this region, and report
the results in terms of the relative pseudorapidity #η = ηb − ηa
and the relative azimuthal angle #ϕ = ϕb − ϕa , by averaging the
balance function over the position of one of the particles (similar
equation is used for B(#ϕ)):

B+−(#η) = 1
2

!
C+−(#η) + C−+(#η) − C−−(#η) − C++(#η)

"
.

(2)

Each term of Eq. (2), is corrected for detector and tracking in-
efficiencies as well as for acceptance effects and can be written as
Cab = (Nab/Nb)/ fab . The factors fab (where in the case of charged
particles, a and b correspond to the charge i.e. f+− , f−+ , f++
and f−−) represent the probability that given a particle a is recon-
structed, a second particle emitted at a relative pseudorapidity or
azimuthal angle (#η or #ϕ , respectively), would also be detected.
These terms are defined as the product of the single particle track-
ing efficiency ε(η,ϕ, pT) and the acceptance term α(#η,#ϕ). The
way they are extracted in this analysis with a data driven method
is described in one of the following sections.

For a neutral system, every charge has an opposite balancing
partner and the balance function would integrate to unity. How-
ever, this normalization does not hold if not all charged particles
are included in the calculation due to specific momentum range or
particle type selection.

The width of the balance function distribution can be used to
quantify how tightly the balancing charges are correlated. It can
be characterized by the average ⟨#η⟩ or ⟨#ϕ⟩ in case of studies
in pseudorapidity or the azimuthal angle, respectively. The mathe-
matical expression for the case of correlations in pseudorapidity is
given in Eq. (3) (similar for ⟨#ϕ⟩),

⟨#η⟩ =
k#

i=1

$
B+−(#ηi) · #ηi

%
/

k#

i=1

B+−(#ηi), (3)

where B+−(#ηi) is the balance function value for each bin #ηi ,
with the sum running over all bins k.

Experimentally, the balance function for non-identified parti-
cles was studied by the STAR Collaboration in Au–Au collisions
at

√
sN N = 130 GeV [7], followed by the NA49 experiment in

Pb–Pb collisions at the highest SPS energy [8]. Both experiments
reported the narrowing of the balance function in #η in more
central compared to peripheral collisions. The results were qual-
itatively in agreement with theoretical expectations for a system
with a long-lived QGP phase and exhibiting delayed hadroniza-
tion. These results triggered an intense theoretical investigation of
their interpretation [9–15]. In [9], it was suggested that the balance
function could be distorted by the excess of positive charges due
to the protons of the incoming beams (unbalanced charges). This
effect is expected to be reduced at higher collision energy, leav-
ing a system at mid-rapidity that is net-baryon free. Also in [9],
it was proposed to perform balance function studies in terms of
the relative invariant momentum of the particle pair, to eliminate
the sensitivity to collective flow. In [10], it was shown that purely
hadronic models predict a modest broadening of the balance func-
tion for central heavy-ion collisions, contrary to the experimen-
tally measured narrowing. It was also shown that thermal models

were in agreement with the (at that time) published data, con-
cluding that charge conservation is local at freeze-out, consistent
with the delayed charged-creation scenario [10]. Similar agreement
with the STAR data was reported in [11], where a thermal model
that included resonances was used. In [12], the author showed
that the balance function, when measured in terms of the relative
azimuthal angle of the pair, is a sensitive probe of the system’s
collective motion and in particular of its radial flow. In [13], it was
suggested that radial flow is also the driving force of the narrow-
ing of the balance function in pseudorapidity, with its width being

inversely proportional to the transverse mass, mT =
&

m2 + p2
T. In

parallel in [14,15], the authors attributed the narrowing of the bal-
ance function for more central collisions to short range correlations
in the QGP at freeze-out.

Recently, the STAR Collaboration extended their balance func-
tion studies in Au–Au collisions at

√
sN N = 200 GeV [16], con-

firming the strong centrality dependence of the width in #η but
also revealing a similar dependence in #ϕ , the latter being mainly
attributed to radial flow. Finally, in [17] the authors fitted the ex-
perimentally measured balance function at the top RHIC energies
with a blast-wave parameterization and argued that in #ϕ the
results could be explained by larger radial flow in more central col-
lisions. However the results in #η could only be reproduced when
considering the separation of charges at freeze-out implemented
in the model. They also stressed the importance of performing a
multi-dimensional analysis. In particular, they presented how the
balance function measured with respect to the orientation of the
reaction plane (i.e. the plane of symmetry of a collision defined by
the impact parameter vector and the beam direction) could probe
potentially one of the largest sources of background in studies re-
lated to parity violating effects in heavy-ion collisions [18].

In this Letter we report the first results of the balance function
measurements in Pb–Pb collisions at

√
sN N = 2.76 TeV with the

ALICE detector [19,20]. The Letter is organized as follows: Section 2
briefly describes the experimental setup, while details about the
data analysis are presented in Section 3. In Section 4 we discuss
the main results followed by a detailed comparison with different
models in Section 5. In the same section we present the energy de-
pendence of the balance function. We conclude with the summary
and a short outlook.

2. Experimental setup

ALICE [20] is the dedicated heavy-ion detector at the LHC,
designed to cope with the high charged-particle densities mea-
sured in central Pb–Pb collisions [21]. The experiment consists of
a large number of detector subsystems inside a solenoidal mag-
net (0.5 T). The central tracking systems of ALICE provide full az-
imuthal coverage within a pseudorapidity window |η| < 0.9. They
are also optimized to provide good momentum resolution (≈ 1% at
pT < 1 GeV/c) and particle identification (PID) over a broad mo-
mentum range, the latter being important for the future, particle
type dependent balance function studies.

For this analysis, the charged particles were reconstructed using
the Time Projection Chamber (TPC) [22], which is the main tracking
detector of the central barrel. In addition, a complementary anal-
ysis relying on the combined tracking of the TPC and the Inner
Tracking System (ITS) was performed. The ITS consists of six lay-
ers of silicon detectors employing three different technologies. The
two innermost layers are Silicon Pixel Detectors (SPD), followed by
two layers of Silicon Drift Detectors (SDD). Finally the two outermost
layers are double-sided Silicon Strip Detectors (SSD).

The position of the primary interaction was determined by the
TPC and by the SPD, depending on the tracking mode used. A set
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Figure 4: Longitudinal (Dy) s widths (left), azimuthal (Dj) s widths (center), and integrals (right) of balance
functions of the full species matrix of p±, K±, and p/p with centrality. For Dy and Dj widths, Kp , pp , and pK
have the same values with pK, pp, and Kp, respectively. For the longitudinal widths, the relative azimuthal angle
range for all the species pairs is the full azimuth range |Dj|  p . For the azimuthal widths, the relative rapidity
range used for all species pairs is |Dy| 1.2, with the exception of |Dy| 1.4 for pp and |Dy| 1.0 for pp. Vertical
bars represent statistical uncertainties while systematic uncertainties are displayed as dash line bands.

ically baryons. Such models invoke a range of production mechanisms including parton fragmentation,
effective mostly at high-pT, as well as parton coalescence and recombination, playing a predominant role
at low and intermediate pT [55–57]. Statistical thermal models and production models involving color
transparency [58] and baryon junctions [59] have also had a good measure of success. Single particle
spectra of baryons thus do not provide sufficiently discriminating constraints to fully identify baryon
production mechanisms. The added information provided by cross-species BFs shall thus contribute by
adding new constraints for models of particle production and transport. In particular, given that neutrons,
protons, and their excited states are composed of light u and d quarks, believed to be copiously produced
in late stage emission (within the context of the two-stage quark production model), it is conceivable
that these baryons are predominantly produced by coalescence (recombination) of light quarks in the
late stage of the collisions. However, baryons (B) and antibaryons (B) have a relatively large mass and
carry a conserved baryonic charge. The question then arises as to whether BB correlated pairs might
originate before the formation of thermalized QGP, during the early stages of AA collisions. Late BB
production is expected to be characterized by narrow longitudinal BFs while early stage emissions would
produce pairs with a much wider Dy range [32, 54]. It is clear from Fig. 2 that Bpp must extend beyond
the acceptance of the measurement reported in this paper. This suggests that pp pairs have rather wide
balance functions that might result from early BB pair separation. Detailed models of BB production and
transport that account for (strong) decays from resonant states are required, evidently, to firmly establish
this conclusion.

Figure 4 shows that the sDj widths of the nine BFs exhibit narrowing trends from peripheral to central
collisions. The widths sDj feature a wide spread of values at a given collision centrality, with those of
KK pairs being the largest and those of pK the smallest. The widths also exhibit similar reductions with
increasing collision centrality. These observations are in agreement with azimuthal BFs already reported
from observations at RHIC for unidentified charged particle and identified pp , KK pairs [25, 26], as well
as unidentified charged particle BFs in collisions at the LHC [28, 29]. This narrowing is qualitatively
understood as resulting from the larger estimated transverse expansion velocity present in more central
AA collisions [60]. It competes with an opposing trend associated with light quark diffusivity, expected
to broaden and smear out the long range tails of the Dj BFs for systems featuring increasingly large
lifespans [39]. Given the radial boost profile and contributions from resonance decays can be largely
calibrated based on the shape of single particle pT spectra, the BF projections presented in Fig. 2, 3 and
the evolution of their widths sDy and sDj , shown in Fig. 4, then provide the first comprehensive set of
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Fig. 1. (a) Balance functions in five pseudorapidity windows of different width; (b) Balance functions observed at five different positions of pseudorapidity windows with
|ηw| = 0.8; (c) Scaled balance function, Bs(δη), obtained for various pseudorapidity window widths and positions. The data are from 0–80% Au + Au collisions at 200 GeV
and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.

and/or larger transverse mass of higher pT particles are expected
to result in smaller thermal velocity in the longitudinal direction
and narrower BF [4,6].

In this Letter, we first give brief descriptions of the analysis pa-
rameters and techniques. We then present measurements of the
BF, and its dependence on the width of the pseudorapidity win-
dow. We test the boost-invariance of the BF, i.e. verify whether it
is independent of the position of same-width pseudorapidity win-
dows. We next examine the universality of the scaled BF. Finally,
the scaling property of the BF for particles within different trans-
verse momentum ranges is studied.

Our BF analysis is restricted to charged particles measured
within the STAR TPC detector [16]. This detector is well suited
for precise studies of correlation structures given its relatively
wide pseudorapidity range −1.3 < η < 1.3 and full azimuthal
acceptance. Recorded events were selected on the basis of a
minimum-bias trigger defined by the coincidence of two zero-
degree calorimeters (ZDCs) [17] located at ±18 m from the center
of the TPC. Events are further required to have a primary ver-
tex position within 25 cm, longitudinally, of the TPC center and
within 1 cm, radially, of the beam line. This analysis is restricted
to charged particle tracks in the pT range 0.15 < pT < 2.0 GeV/c.
After all these cuts, 5.7 million minimum-bias events were selected
for the analysis. Tracks are required to pass within 2 cm of the pri-
mary vertex in order to reduce weak-decay contributions. Tracks
are further required to consist of a minimum of 15 measured
points and have a ratio of the numbers of measured to possible
points larger than 0.52 to avoid track splitting effects. These two
cuts minimize detector and track reconstruction effects, such as
ghost tracks, track splitting, and enable optimal momentum reso-
lution.

Fig. 1(a) displays balance function obtained with five different
pseudorapidity windows, located at various positions, and with
sizes ranging from |ηw| = 0.6 to 2.6. It shows that the BF is
strongly dependent on the width of the pseudorapidity window.
Vertical bars shown in this and following figures indicate statisti-
cal errors only. Statistical errors are smaller than the symbol sizes
in Fig. 1. Systematic errors are of the order of 5% and due to uncer-
tainties in the track reconstruction efficiency associated with the
track cuts, and event-by-event variations of the vertex position.

In order to test directly whether the BF is boost-invariant
under longitudinal translation within the STAR TPC, we exam-
ine, in Fig. 1(b), five BFs measured in equal size (|ηw| = 0.8)
pseudorapidity windows located at different positions. One ob-
serves that the five BFs overlap with one another thereby indi-
cating that the BF is independent of the position of the pseu-
dorapidity window, i.e., B(δη|ηw) is invariant under a longitudi-
nal translation within the range −1 < η < 1. Note that the large
BF values measured at δη = 0.01 arise in part from HBT and
Coulomb effects [5,6]. We also considered five equal size and non-

overlapping windows, not shown in Fig. 1, and found similar agree-
ments.

In Fig. 1(c), we present scaled balance functions, Bs , calculated
with Eq. (2), obtained from BFs measured with four distinct pseu-
dorapidity window widths (|ηw| = 0.6,1,2,2.6) and six window
positions. We find that the scaled balance functions have equal
shape and magnitude, and are identical within experimental er-
rors. Therefore Bs is independent of the size and position of the
window ηw in the pseudorapidity range −1 < η < 1. A similar in-
variance of Bs was observed in hadron–hadron interactions over
the whole rapidity range of produced particles [9]. These data in-
dicate that the charge compensation is essentially the same in any
longitudinally-Lorentz-transformed frame [6,9]. This is important
because the longitudinal Lorentz invariance is assumed in most
particle production models, such as PYTHIA and AMPT [18].

Lastly, we investigate whether the scaling property of the BF
holds for particles in different pT ranges and study how the width
of the BF changes with pT. Fig. 2 displays scaled balance func-
tion obtained for four pT ranges: (0.15,0.4), (0.4,0.7), (0.7,1)
and (1,2) GeV/c, and the same pseudorapidity windows as used
in Fig. 1(c). We find that the distributions measured in specific pT
intervals are independent of the size and position of the pseudora-
pidity window used to carry out the measurement. We thus con-
clude that the invariance of Bs observed for 0.15 < pT < 2.0 GeV/c
also holds for small transverse momentum ranges.

This property of balance function provides an additional con-
straint in particle production mechanisms. For example, the in-
variance of BF in different pT bins are observed in PYTHIA and
default AMPT models, but violated in the AMPT with string melting
[18]. The violation stems from the fact that the partons evolving
into melted strings have their own freeze-out time, which occurs
long after the impact of the colliding nuclei [19]. The particles in
the same transverse-momentum range do not freeze-out simulta-
neously with well-balanced charges, and the longitudinal boost-
invariance of the BF in small pT ranges is therefore violated.

Comparing the distributions shown in Fig. 2(a) to 2(d), we
observe that the scaled balance function, Bs(δη), changes signifi-
cantly in shape and amplitude with the transverse-momentum of
final state particles. The widths of Bs(δη) defined as [5]

⟨δη⟩ =
!

i Bs(δηi)δηi!
i Bs(δηi)

(3)

are presented in Table 1. The first data point in Fig. 2(a) is af-
fected by HBT correlations, which result in a strong correlation at
small relative pT. On the other hand, track merging effects deplete
the balance function at small δη. To assess the systematic uncer-
tainties on the extracted width, we use extrapolated values for the
data points at the two lowest δη instead of their measured ones
in calculating the width. For the lower bound of systematic un-
certainty estimate, the extrapolations from the larger δη data are

242 STAR Collaboration / Physics Letters B 690 (2010) 239–244
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and the particle pT range is 0.15 < pT < 2 GeV/c. Statistical errors are smaller than the symbol sizes. Systematic errors are of the order of 5%.
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We present measurements of the charge balance function, from the charged particles, for diverse
pseudorapidity and transverse momentum ranges in Au + Au collisions at

√
sN N = 200 GeV using the

STAR detector at RHIC. We observe that the balance function is boost-invariant within the pseudorapidity
coverage [−1.3,1.3]. The balance function properly scaled by the width of the observed pseudorapidity
window does not depend on the position or size of the pseudorapidity window. This scaling property
also holds for particles in different transverse momentum ranges. In addition, we find that the width
of the balance function decreases monotonically with increasing transverse momentum for all centrality
classes.

© 2010 Elsevier B.V.

Particle production in elementary collisions at high energy is
constrained by conservation laws. Electric charge conservation, in
particular, constrains the balance of charged particles produced
in a collision. The electric charge balance function (BF) is an ob-
servable specifically designed to measure the balance, and thereby
provide insight into the particle production processes in elemen-
tary collisions at high energy [1]. It has been used in hadron–
hadron, lepton–hadron, and e+e− collisions to study hadronization
schemes [1–3]. The BF has recently gained particular interest in
clocking hadronization in relativistic heavy-ion collisions, where a
new state of matter – the quark–gluon plasma (QGP) – would be
formed. The formation of QGP will allow a partonic charge diffu-
sion in longitudinal phase space, and would lead to a widening of
the charge balance function [4].

The BF is defined in terms of a combination of four different
conditional densities of charged hadrons [1]. It measures how the
net charge at any point of the phase space is rearranged if the
charge at a selected point changes. Projected on to the pseudora-
pidity difference δη = η1 − η2 of two charged particles in a given
pseudorapidity window ηw, the BF becomes [4,5]

B(δη|ηw) = 1
2

! ⟨n+−(δη,ηw)⟩ − ⟨n++(δη,ηw)⟩
⟨n+(ηw)⟩

+ ⟨n−+(δη,ηw)⟩ − ⟨n−−(δη,ηw)⟩
⟨n−(ηw)⟩

"
(1)

where ⟨n+(ηw)⟩ and ⟨n−(ηw)⟩ are respectively the event averaged
number of measured positively and negatively charged particles.
⟨n+−(δη,ηw)⟩ = ⟨n−+(δη,ηw)⟩ is the event averaged number of
pairs of particles with opposite charges separated by pseudorapid-
ity δη. ⟨n++(δη,ηw)⟩ and ⟨n−+(δη,ηw)⟩ are defined correspond-
ingly for pairs of positively and negatively charged particles, re-
spectively. The charge balance function is a differential combina-
tion of all possible charge correlations. Its integral over rapidity
space is related to measures of charge fluctuation [6].

Measurements of the BF in relativistic heavy-ion collisions have
been reported by several experiments [5,7,8]. However, these ex-
periments feature significant difference of acceptance in pseudo-
rapidity and transverse momentum. Comparison of results from
these experiments is thus only qualitative. A quantitative compar-
ative analysis of these results requires a better understanding of

the BF dependence on pseudorapidity and momentum acceptance
[5,7,9,10].

This BF dependence has been studied in π+p and K+p colli-
sions at 250 GeV/c incident beam momentum by a fixed target
experiment with large acceptance [9]. In those collisions, the BF
is found to be invariant under longitudinal boost over the whole
rapidity range of produced particles (−5 < y < 5), i.e., the ratio of
B(δy|yw) to (1−δy/|yw|) is independent of the observed window,
|yw|, and corresponds to the BF of the whole rapidity range [6].

The aim of the analysis presented in this Letter is to verify
whether the boost invariance observed in elementary collisions
is also present in Au + Au collisions at

√
sN N = 200 GeV. To this

end, we first study the BF using equal size pseudorapidity win-
dows spanning various pseudorapidity ranges within a relatively
wide pseudorapidity coverage of the STAR Time Projection Cham-
ber (TPC). Given that the shape of the BF depends by definition
on the width of the pseudorapidity acceptance, we next scale the
measured BF by an acceptance factor determined by the width of
the observed pseudorapidity window. The scaled balance function,
Bs(δη), is defined as

Bs(δη) = B(δη|ηw)

1 − δη
|ηw|

(2)

where δη is the particle separation in pseudorapidity, and |ηw|
represents the size of pseudorapidity window. This scaled BF
shows how the balance function extends with the widening of the
pseudorapidity window.

We further explore the scaling property of the BF in different
ranges of transverse momentum pT. The pT of final state particles
is suggested to characterize their emission proper-time τ [11–13].
Particles with different pT may be produced at different stages of
the evolution after the collision. This relation between pT and τ
has been assumed in hydrodynamic models [14], which qualita-
tively describe the data of pT dependence of anisotropic collective
flow [15]. Examining the pT dependence of the scaling of the BF
will provide an additional experimental test of this assumption.

In thermal models, particle velocities are determined by the lo-
cal temperature, collective flow velocity and the particle masses.
For relativistic particles, the thermal velocity along the beam axis
is a function of the particle’s transverse mass, and therefore is
affected by transverse expansion. Lower freeze-out temperature

Open access under CC BY license. 
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Figure 1: Balance functions Bab (Dy,Dj) of pairs ab = pp (left), KK (center), and pp (right) measured in semi-
central Pb–Pb collisions at

p
sNN = 2.76 TeV.

equal azimuthal anisotropy relative to the collision symmetry plane. It is also an indicator of the fast
radial flow profile of the emitting sources [37], although the various species pairs demonstrate different
centrality-dependent near-side peak shapes, widths, and magnitudes that indicate that they are subject
to different charge balancing pair production and transport mechanisms, as well as final state effects.
For instance, Bpp exhibits a deep and narrow dip at (Dy,Dj) = (0,0), within the near-side correlation
peak, resulting in part from the Hanbury Brown–Twiss (HBT) effect, with a depth and width that vary
with the source size and thus the centrality [32]. BKK exhibits much weaker HBT effects, whereas Bpp

also features a narrow dip centered at (Dy,Dj) = (0,0) within a somewhat elongated near-side peak may
reflect annihilation of pp pairs.
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Figure 2: Balance function of species pairs (p,K,p)⌦ (p,K,p) projected onto the Dy axis for particle pairs within
the full range |Dj| p . Vertical bars and open boxes represent statistical and systematic uncertainties, respectively.
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Figure 4: Longitudinal (Dy) s widths (left), azimuthal (Dj) s widths (center), and integrals (right) of balance
functions of the full species matrix of p±, K±, and p/p with centrality. For Dy and Dj widths, Kp , pp , and pK
have the same values with pK, pp, and Kp, respectively. For the longitudinal widths, the relative azimuthal angle
range for all the species pairs is the full azimuth range |Dj|  p . For the azimuthal widths, the relative rapidity
range used for all species pairs is |Dy| 1.2, with the exception of |Dy| 1.4 for pp and |Dy| 1.0 for pp. Vertical
bars represent statistical uncertainties while systematic uncertainties are displayed as dash line bands.

ically baryons. Such models invoke a range of production mechanisms including parton fragmentation,
effective mostly at high-pT, as well as parton coalescence and recombination, playing a predominant role
at low and intermediate pT [55–57]. Statistical thermal models and production models involving color
transparency [58] and baryon junctions [59] have also had a good measure of success. Single particle
spectra of baryons thus do not provide sufficiently discriminating constraints to fully identify baryon
production mechanisms. The added information provided by cross-species BFs shall thus contribute by
adding new constraints for models of particle production and transport. In particular, given that neutrons,
protons, and their excited states are composed of light u and d quarks, believed to be copiously produced
in late stage emission (within the context of the two-stage quark production model), it is conceivable
that these baryons are predominantly produced by coalescence (recombination) of light quarks in the
late stage of the collisions. However, baryons (B) and antibaryons (B) have a relatively large mass and
carry a conserved baryonic charge. The question then arises as to whether BB correlated pairs might
originate before the formation of thermalized QGP, during the early stages of AA collisions. Late BB
production is expected to be characterized by narrow longitudinal BFs while early stage emissions would
produce pairs with a much wider Dy range [32, 54]. It is clear from Fig. 2 that Bpp must extend beyond
the acceptance of the measurement reported in this paper. This suggests that pp pairs have rather wide
balance functions that might result from early BB pair separation. Detailed models of BB production and
transport that account for (strong) decays from resonant states are required, evidently, to firmly establish
this conclusion.

Figure 4 shows that the sDj widths of the nine BFs exhibit narrowing trends from peripheral to central
collisions. The widths sDj feature a wide spread of values at a given collision centrality, with those of
KK pairs being the largest and those of pK the smallest. The widths also exhibit similar reductions with
increasing collision centrality. These observations are in agreement with azimuthal BFs already reported
from observations at RHIC for unidentified charged particle and identified pp , KK pairs [25, 26], as well
as unidentified charged particle BFs in collisions at the LHC [28, 29]. This narrowing is qualitatively
understood as resulting from the larger estimated transverse expansion velocity present in more central
AA collisions [60]. It competes with an opposing trend associated with light quark diffusivity, expected
to broaden and smear out the long range tails of the Dj BFs for systems featuring increasingly large
lifespans [39]. Given the radial boost profile and contributions from resonance decays can be largely
calibrated based on the shape of single particle pT spectra, the BF projections presented in Fig. 2, 3 and
the evolution of their widths sDy and sDj , shown in Fig. 4, then provide the first comprehensive set of
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Note different  accepance, which would lead  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- Use clear definitions 
- Stick to the definition 

- Do not symmetrize (acceptance, particle- antiparticle) 

- extend into  space! pT

No special “challenges”  -  
efficiency corrections quite straightforward, 
including two track resolution effects



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

EXTRA SLIDES

23



WPCF-2022, Lancing, Michigan,  July 18-22page S.A. Voloshin

(BF in CME and CMW search)
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Several correlations are in play here, but one of important is the 
correlation between the radial position of the point of “origin” and 
separation in pseudorapidity. 

Figure 3. Left: The correlator �cos[n(�1 − n)] c3� as a function of �⌘. Right: Mean pT of the balancing charge particle.

rapidity separation, corresponding to stronger radial flow. One can use this e↵ect as an additional test of the e↵ect of
the LCC, e.g. by measuring �pT,3 c3� − �pT,3� �c3�1 as a function of ⌘1 − ⌘3.

The LCC e↵ect should be also seen in higher harmonic correlators, while the e↵ects of CME and CMW should
be minimal [16]. According to our Blast Wave calculations the third harmonic correlator is very similar in shape to
that shown in Fig. 3 with about thee times smaller an amplitude compared to the second harmonic.

4. Conclusions

In summary, we propose a new correlator, �cos[n(�1− n)] c3�, to study the charge dependence of the elliptic flow.
This correlator is directly sensitive to the CMW, but being e�ciency independent and di↵erential in nature, allows
more thorough investigation of the underlying physical mechanisms. Our study of the LCC e↵ects in the Blast Wave
model reveals that stronger in-plane boost due to elliptic flow leads to narrower distribution in �⌘ of the balancing
charges, which propagates directly to the measured correlation. The results are in rough qualitative agreement with
ALICE Collaboration measurements [17], but more detail calculations, as well as measurements, are needed to draw
more definite conclusion about the LCC role in a measured signal. Such Blast Wave calculations can be also used to
directly relate the contribution of the LCC to the observable used for CMW search as well as the ones for the CME
search, which would be an important cross check.

This material is based upon work supported by the U.S. Department of Energy O�ce of Science, O�ce of Nuclear
Physics under Award Number DE-FG02-92ER-40713.
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Figure 3. Left: The correlator �cos[n(�1 − n)] c3� as a function of �⌘. Right: Mean pT of the balancing charge particle.

rapidity separation, corresponding to stronger radial flow. One can use this e↵ect as an additional test of the e↵ect of
the LCC, e.g. by measuring �pT,3 c3� − �pT,3� �c3�1 as a function of ⌘1 − ⌘3.

The LCC e↵ect should be also seen in higher harmonic correlators, while the e↵ects of CME and CMW should
be minimal [16]. According to our Blast Wave calculations the third harmonic correlator is very similar in shape to
that shown in Fig. 3 with about thee times smaller an amplitude compared to the second harmonic.

4. Conclusions

In summary, we propose a new correlator, �cos[n(�1− n)] c3�, to study the charge dependence of the elliptic flow.
This correlator is directly sensitive to the CMW, but being e�ciency independent and di↵erential in nature, allows
more thorough investigation of the underlying physical mechanisms. Our study of the LCC e↵ects in the Blast Wave
model reveals that stronger in-plane boost due to elliptic flow leads to narrower distribution in �⌘ of the balancing
charges, which propagates directly to the measured correlation. The results are in rough qualitative agreement with
ALICE Collaboration measurements [17], but more detail calculations, as well as measurements, are needed to draw
more definite conclusion about the LCC role in a measured signal. Such Blast Wave calculations can be also used to
directly relate the contribution of the LCC to the observable used for CMW search as well as the ones for the CME
search, which would be an important cross check.

This material is based upon work supported by the U.S. Department of Energy O�ce of Science, O�ce of Nuclear
Physics under Award Number DE-FG02-92ER-40713.
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rapidity separation, corresponding to stronger radial flow. One can use this e↵ect as an additional test of the e↵ect of
the LCC, e.g. by measuring �pT,3 c3� − �pT,3� �c3�1 as a function of ⌘1 − ⌘3.

The LCC e↵ect should be also seen in higher harmonic correlators, while the e↵ects of CME and CMW should
be minimal [16]. According to our Blast Wave calculations the third harmonic correlator is very similar in shape to
that shown in Fig. 3 with about thee times smaller an amplitude compared to the second harmonic.

4. Conclusions

In summary, we propose a new correlator, �cos[n(�1− n)] c3�, to study the charge dependence of the elliptic flow.
This correlator is directly sensitive to the CMW, but being e�ciency independent and di↵erential in nature, allows
more thorough investigation of the underlying physical mechanisms. Our study of the LCC e↵ects in the Blast Wave
model reveals that stronger in-plane boost due to elliptic flow leads to narrower distribution in �⌘ of the balancing
charges, which propagates directly to the measured correlation. The results are in rough qualitative agreement with
ALICE Collaboration measurements [17], but more detail calculations, as well as measurements, are needed to draw
more definite conclusion about the LCC role in a measured signal. Such Blast Wave calculations can be also used to
directly relate the contribution of the LCC to the observable used for CMW search as well as the ones for the CME
search, which would be an important cross check.
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