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Data Analysis Techniques
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14 fm

Note: 1 fm = 10-15 m;   1 fm/c = 10-15 m/3x108 m/s = 0.33x10-23 s

t <20 fm/c

Up to ~10000 particles produced per  Pb-Pb  collision at LHC!!!
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Relativistic Nucleus-Nucleus Collisions

Collision 
Duration:  fm/c≪ 1

Medium: Quark 
Gluon Plama (QGP) 

Formation & Expansion 
Life time:  fm/c≈ 10

Hadronization 
Particle Free 

Streaming…

Before Collisions at
  = 0.2 TeV @ RHIC 
            = 13 TeV @ LHC 
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Collision Snapshots

ALICE

Pb + Pb nucleus collision 
at 2.7 TeV/nucleon

Au + Au nucleus collision 
at 200 GeV/nucleon
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Flow Measurements: An overview of Techniques and Results, CP, June 6, 2024

Quark Gluon Plasma Formation in AA Collisions
Formation of Dense Nuclear Matter
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QGP Expansion & Collective

• Anisotropic energy density profiles  produce 
• Large & asymmetric pressure gradients, 
• Drive rapid outward expansion of the system in both the 

longitudinal and transverse directions. 

Canonical Model of Heavy Ion Collisions at RHIC/LHC
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Longitudinal > In-plane > Out of plane Expansion:

• Longitudinal/Isentropic 
Expansion 

• Anisotropic Transverse 
Expansion 
• Anisotropic Flow
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Two stages of quark production + 
Delayed hadronization

QGP Hypothesis, Thermalization, Isentropic Expansion
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Delayed Hadronization with Balance Functions
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z

Anisotropic Pressure Gradients


            


• Longitudinal/Isentropic Expansion 
• Anisotropic Transverse Expansion

⃗∇ Pz ≫ ⃗∇ Px ≫ ⃗∇ Py
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Have we fully vetted this ?

Bass, Danielewicz, Pratt, PRL 85 (2000) 2689 

Two stages of quark production + 
Delayed hadronization



C. Pruneau, June  2024.

QGP Hypothesis, Thermalization, Isentropic Expansion
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Canonical Model of Heavy Ion Collisions at RHIC/LHC
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Two Stage Quark production: 
• Early Emission:  

• High  processes; Long time for expansion: Large quark separation in rapidity: 
broad charge balance functions 

• Late Emission: 
• Low temperature, low  processes, Short time for expansion; Narrow quark 

separation in rapidity: narrow charge balance functions  
• Narrowing of Balance Functions for pions but not for kaons - from peripheral to 

central impact parameter collisions…
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2-Cumulants

Unified Balance Functions
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“New” Works/Ideas: Technical Improvements
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Pratt’s Balance Functions
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Unified Balance Functions

2-Cumulants

Accounting for non vanishing net-charge with unified balance functions, C.P. et al, PRC 107 (2023) 1, 014902,

Effects of non vanishing net charge on balance functions and their integrals, C.P. et al, PRC 107 (2023) 5, 054915

General balance functions of identified charged hadron pairs of , ,  in PbPb Collisions…, C.P. et al, PLB 833 (2022) 137338π K pp̄
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Charge Balance Functions at ALICE
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Delayed Hadronization with BFs
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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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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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Table 2
The values of ση and σϕ extracted by fitting the centrality dependence of both ⟨$η⟩
and ⟨$ϕ⟩ with the blast-wave parameterization of [31,32].

Results from the fit with the blast-wave model

Centrality ση σϕ

0–5% 0.28 ± 0.05 0.30 ± 0.10
5–10% 0.32 ± 0.05 0.35 ± 0.07

10–20% 0.31 ± 0.05 0.36 ± 0.08
20–30% 0.36 ± 0.03 0.43 ± 0.05
30–40% 0.43 ± 0.04 0.52 ± 0.05
40–50% 0.42 ± 0.04 0.54 ± 0.06
50–60% 0.44 ± 0.07 0.64 ± 0.06
60–70% 0.52 ± 0.07 0.76 ± 0.01

Fig. 5. (Color online.) The balance functions for the 5% most central Pb–Pb collisions
measured by ALICE as a function of the relative pseudorapidity (a) and the rela-
tive azimuthal angle (b). The experimental points are compared to predictions from
HIJING [27], AMPT [28] and from a thermal blast wave [31,32].

collective velocity following the single-particle blast-wave param-
eterization with the additional constraint of being emitted with a
separation at kinetic freeze-out from the neighboring particle sam-
pled from a Gaussian with a width denoted as ση and σϕ in the
pseudorapidity space and the azimuthal angle, respectively. The
procedure that we followed started from tuning the input param-
eters of the model to match the average pT values extracted from
the analysis of identified particle spectra [35] as well as the v2
values for non-identified particles reported by ALICE [3]. We then
adjust the widths of the parameters ση and σϕ to match the ex-
perimentally measured widths of the balance function, ⟨$η⟩ and
⟨$ϕ⟩. The resulting values of ση and σϕ are listed in Table 2. We
find that ση starts from 0.28±0.05 for the most central Pb–Pb col-
lisions reaching 0.52±0.07 for the most peripheral, while σϕ starts
from 0.30 ± 0.10 evolving to 0.76 ± 0.01 for the 60–70% centrality
bin.

Fig. 5 presents the detailed comparison of the model results
with the measured balance functions as a function of $η (a) and
$ϕ (b) for the 5% most central Pb–Pb collisions. The data points

Fig. 6. (Color online.) The centrality dependence of the balance function width ⟨$η⟩
(a) and ⟨$ϕ⟩ (b). The ALICE points are compared to results from STAR [16]. The
STAR results have been corrected for the finite acceptance as suggested in [33].

are represented by the full markers and are compared with HI-
JING (dashed black line), AMPT string melting (full green line) and
the thermal blast-wave (full black line). The distributions for HI-
JING and AMPT are normalized to the same integral to facilitate
the direct comparison of the shapes and the widths. It is seen
that for correlations in the relative pseudorapidity, both HIJING
and AMPT result in similarly wider distributions. As mentioned be-
fore, the blast-wave model is tuned to reproduce the experimental
points, so it is not surprising that the relevant curve not only re-
produces the same narrow distribution but describes fairly well
also its shape. For the correlations in $ϕ the HIJING curve clearly
results in a wider balance function distribution. On the other hand,
there is a very good agreement between the AMPT curve and the
measured points, with the exception of the first bins (i.e. small
relative azimuthal angles) where the magnitude of B+−($ϕ) is
significantly larger in real data. This suggests that there are ad-
ditional correlations present in these small ranges of $ϕ in data
than what the model predicts.

5.2. Energy dependence

Fig. 6 presents the comparison of our results for the central-
ity dependence (i.e. as a function of the centrality percentile)
of the width of the balance function, ⟨$η⟩ (Fig. 6(a) and ⟨$ϕ⟩
(Fig. 6(b), with results from STAR [16] in Au–Au collisions at√

sN N = 200 GeV (stars). The ALICE points have been corrected for
acceptance and detector effects, using the correction factors fab ,
discussed in the introduction. To make a proper comparison with
the STAR measurement, where such a correction was not applied,
we employ the procedure suggested in [33] to the RHIC points.
Based on the assumption of a boost-invariant system the balance
function studied in a given pseudorapidity window B+−($η|ηmax)
can be related to the balance function for an infinite interval ac-
cording to the formula of Eq. (4)

B+−($η|ηmax) = B+−($η|∞) ·
(

1 − $η

ηmax

)
. (4)
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Table 1
The maximum value of the systematic uncertainties on the width of the balance
function over all centralities for each of the sources studied.

Systematic uncertainty

Category Source Value (max)

Magnetic field (++)/(−−) 1.3%
Centrality estimator VZERO, TPC, SPD 0.8%
Cut variation dca 1.3%

Nclusters(TPC) 1.1%
!V z 1.3%

Tracking TPC, Global 1.1%
Binning Extrapolation to large !η 5.0%

Fig. 4. (Color online.) The centrality dependence of the width of the balance function
⟨!η⟩ and ⟨!ϕ⟩, for the correlations studied in terms of the relative pseudorapidity
(a) and the relative azimuthal angle (b), respectively. The data points are compared
to the predictions from HIJING [27], and AMPT [28].

collisions correspond to small (large) centrality percentile. The
width is calculated in the entire interval where the balance func-
tion was measured (i.e. 0.0 < !η < 1.6 and 0◦ < !ϕ < 180◦).
Both results in terms of correlations in the relative pseudorapid-
ity (⟨!η⟩-upper panel, Fig. 4(a) and the relative azimuthal angle
(⟨!ϕ⟩-lower panel, Fig. 4(b) are shown. The experimental data
points, represented by the full red circles, exhibit a strong cen-
trality dependence: more central collisions correspond to narrower
distributions (i.e. moving from right to left along the x-axis) for
both !η and !ϕ . Our results are compared to different model
predictions, such as HIJING [27] and different versions of a multi-
phase transport model (AMPT) [28]. The error bars in the results
from these models represent the statistical uncertainties.

The points from the analysis of HIJING Pb–Pb events at
√

sN N =
2.76 TeV, represented by the blue triangles, show little central-
ity dependence in both projections. The slightly narrower balance
functions for central collisions might be related to the fact that
HIJING is not just a simple superposition of single pp collisions;
jet-like effects as well as increased resonance yields in central col-
lisions could be reflected as additional correlations. The balance
function widths generated by HIJING are much larger than those
measured in the data, consistent with the fact that the model lacks
collective flow.

In addition, we compare our data points to the results from
the analysis of events from three different versions of AMPT in
Fig. 4. The AMPT model consists of two different configurations:
the default and the string melting. Both are based on HIJING to de-
scribe the initial conditions. The partonic evolution is described by
the Zhang’s parton cascade (ZPC) [29]. In the default AMPT model,
partons are recombined with their parent strings when they stop
interacting, and the resulting strings are converted to hadrons us-
ing the Lund string fragmentation model. In the string melting con-
figuration a quark coalescence model is used instead to combine
partons into hadrons. The final part of the whole process, common
between the two configurations, consists of the hadronic rescatter-
ing which also includes the decay of resonances.

The filled green squares represent the results of the analysis of
the string melting AMPT events with parameters tuned [30] to re-
produce the measured elliptic flow (v2) values of non-identified
particles at the LHC [3]. The width of the balance functions when
studied in terms of the relative pseudorapidity exhibit little cen-
trality dependence despite the fact that the produced system ex-
hibits significant collective behavior [30]. However, the width of
the balance function in !ϕ is in qualitative agreement with the
centrality dependence of the experimental points. This is consis-
tent with the expectation that the balance function when studied
as a function of !ϕ can be used as a measure of radial flow of
the system, as suggested in [12,17]. We also studied the same
AMPT configuration, i.e. the string melting, this time switching off
the last part where the hadronic rescattering takes place, without
altering the decay of resonances. The resulting points, indicated
with the orange filled stars in Fig. 4, demonstrate a similar quali-
tative behavior as in the previous case: no centrality dependence
of ⟨!η⟩ and a significant decrease of ⟨!ϕ⟩ for central collisions.
On a quantitative level though, the widths in both projections are
larger than the ones obtained in the case where hadronic rescat-
tering is included. This can be explained by the fact that within
this model, a significant part of radial flow of the system is built
during this very last stage of the system’s evolution. Therefore,
the results are consistent with the picture of having the balanc-
ing charges more focused under the influence of this collective
motion, which is reflected in a narrower balance function distri-
bution. In addition, we analyzed AMPT events produced using the
default configuration, which results in smaller vn flow coefficients
but harder spectra than the string melting. The extracted widths of
the balance functions are represented by the open brown squares
and exhibit similar behavior as the results from the string melting
configuration. In particular, the width in !η shows little central-
ity dependence while the values are in agreement with the ones
calculated from the string melting. The width in !ϕ shows similar
(within the statistical uncertainties) quantitative centrality depen-
dence as the experimental data points. This latter effect is con-
sistent with the observation of having a system exhibiting larger
radial flow with the default version.3

Finally, we fit the experimentally measured values with a ther-
mal blast-wave model [31,32]. This model, assumes that the radial
expansion velocity is proportional to the distance from the cen-
ter of the system and takes into account the resonance production
and decay. It also incorporates the local charge conservation, by
generating ensembles of particles with zero total charge. Each par-
ticle of an ensemble is emitted by a fluid element with a common

3 We recently confirmed that AMPT does not conserve the charge. The influ-
ence of this effect to our measurement cannot be easily quantified. However we
still consider interesting and worthwhile to point out that this model describes
in a qualitative (and to some extent quantitative) way the centrality dependence
of ⟨!ϕ⟩.
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Fig. 7. (Color online.) The centrality dependence of the relative decrease of the width
of the balance function in the relative pseudorapidity (a) and relative azimuthal
angle (b). The ALICE points are compared to results for the highest SPS [8] and
RHIC [16] energies.

This procedure results in similar corrections as to the case where
the fab are used, if the acceptance is flat in η (which is a reason-
able assumption for the acceptance of STAR).4

While the centrality dependence is similar for both measure-
ments, the widths are seen to be significantly narrower at the
LHC energies. This is consistent with the idea of having a sys-
tem exhibiting larger radial flow at the LHC with respect to RHIC
[3] while having a longer-lived QGP phase [34] with the conse-
quence of a smaller separation between charge pairs when created
at hadronization. However, it is seen that the relative decrease of
the width between central and peripheral collisions seems to be
similar between the two energies. This observation could challenge
the interpretation of the narrowing of the width in "η as primar-
ily due to the late stage creation of balancing charges.

To further quantify the previous observation, Fig. 7 presents the
relative decrease of ⟨"η⟩ (a) and ⟨"ϕ⟩ (b) from peripheral to cen-
tral collisions as a function of the mean number of participating
nucleons, ⟨Npart⟩, for the highest SPS5 [8] and RHIC [16] ener-
gies, compared to the values reported in this Letter. In this figure,
central (peripheral) collisions correspond to high (low) number of
⟨Npart⟩. The choice of the representation as a function of ⟨Npart⟩
is mainly driven by the apparent better scaling compared to the
centrality percentile. It is seen that in terms of correlations in rel-
ative pseudorapidity the data points at the different energies are
in fairly good agreement within the uncertainties, resulting though
into an additional, marginal decrease for the 0–5% most central
collisions of ≈ (9.5±2.0 (stat)±2.5 (syst))% compared to the RHIC
point. On the other hand, ⟨"ϕ⟩/⟨"ϕ⟩peripheral exhibits a decrease

4 We do not compare our results to the data from the NA49 experiment at SPS in
this figure, for two reasons. Firstly, the balance function in that experiment was not
measured at mid-rapidity. Secondly, the non-uniform acceptance in pseudorapidity
makes the simplified correction of Eq. (4) invalid.

5 We include the NA49 points in this representation since the ratio to the periph-
eral results should cancel out the acceptance effects to first order.

of ≈ (14.0 ± 1.3 (stat) ± 1.9 (syst))% between the most central Au–
Au collisions at

√
sN N = 200 GeV and the results reported in this

Letter. This could be attributed to the additional increase in radial
flow between central and peripheral collisions at the LHC com-
pared to RHIC energies. Another contribution might come from the
bigger influence from jet-like structures at the LHC with respect
to RHIC that results in particles being emitted preferentially in
cones with small opening angles. Contrary to ⟨"ϕ⟩/⟨"ϕ⟩peripheral ,
this strikingly marginal decrease of ⟨"η⟩/⟨"η⟩peripheral between
the three colliding energy regimes that differ more than an or-
der of magnitude, cannot be easily understood solely within the
framework of the late stage creation of charges.

6. Summary

This Letter reported the first measurements of the balance func-
tion for charged particles in Pb–Pb collisions at the LHC using the
ALICE detector. The balance function was studied both, in relative
pseudorapidity ("η) and azimuthal angle ("ϕ). The widths of the
balance functions, ⟨"η⟩ and ⟨"ϕ⟩, are found to decrease when
moving from peripheral to central collisions. The results are con-
sistent with the picture of a system exhibiting larger radial flow
in central collisions but also whose charges are created at a later
stage of the collision. While HIJING is not able to reproduce the
observed centrality dependence of the width in either projection,
AMPT tuned to describe the v2 values reported by ALICE seems
to agree qualitatively with the centrality dependence of ⟨"ϕ⟩ but
fails to reproduce the dependence of ⟨"η⟩. A thermal blast-wave
model incorporating the principle of local charge conservation was
fitted to the centrality dependence of ⟨"η⟩ and ⟨"ϕ⟩. The re-
sulting values of the charge separation at freeze-out can be used
to constrain models describing the hadronization processes. The
comparison of the results with those from lower energies showed
that the centrality dependence of the width, in both the relative
pseudorapidity and azimuthal angle, when scaled by the most pe-
ripheral widths, exhibits minor differences between RHIC and LHC.

These studies will soon be complemented by and extended to
the correlations of identified particles in an attempt to probe the
chemical evolution of the produced system, to quantify the influ-
ence of radial flow to the narrowing of the balance function width
in more central collisions and to further constrain the parameters
of the models used to describe heavy-ion collisions.
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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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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 =
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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
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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

Similar results from STAR: PRL 90 (2003)172301; PRC 82 (2010); PRC 94 (2016) 024909

BF Does Narrow vs. Centrality

[1]  ALICE, PLB 723 (2013) 267.

[2]  STAR, Phys. Rev. C 82, 024905

[3]  NA49, Phys. Rev. C 76, 024914
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(π, K, p) ⊗ (π, K, p)

• 1st BF measurement of “full” 
cross-species matrix of ,  and 

 
• Differential B(Δy) profile. 
• Better constraints on models.  

•  : clear centrality dependence,  

•  : no centrality dependence,  

•   and cross-species pairs : 
moderate centrality dependence. 

• Differences in BF shape, magnitude, 
centrality evolution between different 
species pairs 

• Different pair production 
mechanisms/times for  (up/down 
quark meson),  (strangeness 
meson) and  (baryon).

π± K±

p( p̄)

Bπ±π±

BK±K±

Bpp̄

π±

K±

p( p̄)
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PID Balance Functions in Pb—Pb J. Pan, PhD, Wayne State (2019)

ALICE PLB 833 (2022) 137338

S. Pratt, NPA 698 (2002) 531c: Pions and Kaons 
BFs to have different collision centrality 

dependence.

Corroborates/Qualitative Agreement with K BFs  by STAR PRC 82 (2010) 024905.

Supports two stage emission scenario (delayed hadronization) 

PRL	Fig.	#2:			1D	BF	Δy	Projections	
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§  1st	BF	measurement	of	full	species	matrix	of	π±,	K±	and	p(p)		
					->	differential	B(Δy)	profile.	
					->	better	constraints	for	models.	

§  π±–π±		clear	centrality	dependence,	K±–K±	no	centrality	
dependence.	

§  p(p)–p(p)	and	cross-species	pairs	moderate	centrality	
dependence		

					->	1st	measurement.	
	
	
§  Differences	in	BF	shape	and	magnitude	between	different	

species	pairs	
					->	different	pair	production	mechanisms	for	π±	(up/down	

quark	meson),	K±	(strangeness	meson)	and	p(p)	(baryon).	
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Role of Transport & Diffusion

15

“New” Works/Ideas

• Persistence of correlations
• Elastic/Quasi-elastic scatterings of  or ,  annihilation of  do not eliminate 

correlations.
• Partial/local thermalization does not eliminate (long range) correlations.

• Long range charge correlations are “frozen in.”
• Transport (longitudinal/transverse) modifies correlations, i.e., 

• Same “logic” valid for quark level and hadron level correlations. 
• Full thermalization would be achieved when balance function  is uniform, 

i.e., when initial correlations appear to have vanished.
•  THIS IS NOT OBSERVED

• Integral correlators (measured within a specific 
fiducial volume) average out the strength of 
correlations  over phase space and are thus much less 
sensitive to the  dependence of these correlations

• By contrast, differential correlations, e.g., balance 
functions, provide a detailed account of the evolution of 

 correlations vs. collision centrality. 
• Sensitivity to Initial Correlations
• Sensitivity to transport 

qq qg qq̄

B(Δ ⃗p)

B(Δ ⃗p)

→

Δ ⃗p

q − q̄ Transport
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Light Quark Diffusivity
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FIG. 6. (color online) Balance functions indexed by species and binned by relative rapidity are displayed

alongside preliminary experimental results from ALICE. Type-I contributions (red circles) and type-II

contributions (green circles) are summed to construct the correlation (black circles). Early creation of the

QGP was expected to result in broader balance functions for kaons and protons than for pions. Indeed, in

the model calculations these balance functions were found to be broader than the pion balance functions

despite the fact that thermal motion more broadly spreads the charge balance for pions than for kaons or

protons, which have less thermal velocity due to their greater masses. Experimental results from ALICE

are in line with model calculations, both qualitatively and quantitatively. Balance functions binned by

rapidity are sensitive to �0, which sets the distribution of relative spatial rapidities between balancing

charges when the hydrodynamic calculation is instantiated at ⌧0 = 0.6 fm/c. Calculations seem to have a

preference for 0.5 < �0 < 1.

and experiment makes a strong case that the matter created in central collisions at the LHC
approaches chemical equilibrium at times . 1 fm/c. If the matter were to spend several fm/c
as a gluon plasma, with quarks only gradually appearing, the charge balance functions would be
narrower, especially for pp and KK. If all charges were created close to hadronization, the ⇡⇡
balance function would be broader than the KK or pp balance functions.

Figure 7 displays the sensitivity of charge balance functions to the parameter �0. Even though

Pratt & Plumberg, PRC 104 (2021) 014906
Comparison of theoretical predictions with ALICE data. 
QGP evolution with diffusion and lattice susceptibilities, hadronic 
simulations, resonance cocktail…  
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Hydro

Hadron 
Simulation

TYPE I

Hydro

Hadron 
Simulation

TYPE II

hyper-surface

FIG. 5. (color online) An illustration of the two contributions to the balance function calculations. (Left)

Type-I contributions derive from correlations that have been evolved through the hydrodynamic stage,

where they are represented by tracer charges. Tracer particles are then converted with statistical weights

to hadrons and are followed through a simulation of their collisions and decays. The balance function

numerators are then incremented by combining hadrons from each of the tracer charges. No contributions

are generated from hadrons who derive from uncorrelated pairs of tracer charges, and pair from the same

tracer charge are also neglected. (Right) Type-II contributions are generated by simply generating uncor-

related particles from the hydrodynamic/simulation hyper-surface, then combining all hadrons afterwards.

These correlations are mainly those from decays, and by using a simulation accounts for the scattering of

the decay products. By considering all pairs, similar to what is done with experiment, the contribution

from type-II have significant statistical error.

5 shows how each type contributes to the balance function for each of the six species-dependent
balance functions. As expected, the type-I contributions tend to be broader in rapidity, while the
type-II contributions are all narrow. Each contribution to Bh|h0 from the type-I contributions can be
traced back to the source function at a particular point in space-time [20]. From Fig. 1 one can see
that significant type-I contributions derive from the changing susceptibilities near, but still above,
the interface temperature. This is especially true for the o↵-diagonal terms for �ab. For example,
the o↵-diagonal term �us = �ds provides the dominant source for the Kp balance functions [20].

V. RESULTS: SENSITIVITY TO INITIAL SEPARATION

In this section, we consider the sensitivity of our model predictions to the initial separation
between charge pairs at the beginning of the hydrodynamic phase. We focus on determining which
separations appear to be favored by the ALICE balance function measurements. Only the most
central collisions are considered in this study, i.e. the 0-5% most central collisions.

For charges emitted from the same point, their separation in rapidity is determined by their
mass and temperature. The variance of the rapidity relative to the spatial rapidity for a single
particle is approximately Tb/M?, where M? is the transverse mass and Tb is the temperature at
breakup. Heavier particles, like protons, have lower thermal velocities and are thus would be more
highly correlated in rapidity. Two more parts of the physics a↵ect the width of the balance function,
B(�y). First, there is a separation due to the fact that at ⌧0 particles may already have moved from
the point at which a pair originated. To account for how far a particle has moved from the point
at which a pair was created to its position at the time, ⌧0, when hydrodynamics begins, each tracer
charge has moved in spatial rapidity according to a Gaussian distribution with variance �0. Thus,
the initial separation in spatial rapidity between two particles would be described by a Gaussian
with variance 2�2

0. The median separation between two balancing charges at ⌧0 is slightly less than

Type-I Contributions Type-II Contributions Total ALICE 

ALICE BFs sensitive to light quark diffusivity 
ALICE results favor LQCD values! 
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�0. The tunneling involved in the dissolution of chromo-electric flux tubes might contribute to the
width �0, or the width might be due to charges being created at times less than ⌧0 followed by
some spreading. From charge balance functions measured in pp collisions or in peripheral heavy-ion
collisions one might expect �0 to be on the order of a half unit of rapidity. The third contribution
comes from the di↵usion of the charge and its balancing charge between ⌧0 and the final time ⌧f .
As time increases the di↵usion constant should increase as the density falls and the mean free path
increases, and if the cross section is fixed and if the thermal velocities are fixed, which would be true
for massless particles, one would expect D(⌧) to increase linearly with time. Assuming D = �⌧ ,
the di↵usive separation then increases logarithmically with time [1],

�2
y = 2�2

0 + 2Tb/M? + 4� ln(⌧f/⌧0). (21)

This expression grossly over-simplifies the physics, but it is useful in that it emphasizes that di↵usion
at early times plays an outsized role in the final width of the balance function in relative rapidity.
For example, the separation due to di↵usion of two charges between ⌧0 and 2⌧0 plays as important
a role as di↵usion between ⌧ = 5 fm/c and ⌧ = 10 fm/c. For the detailed model presented here the
structure of the balance function is driven by the same factors. First, there is the initial separation
of the charges at the time of thermalization, �0. The di↵usivity, the time from when charges are
created until breakup, and the final breakup temperature, all a↵ect the width. The principal goal
of this section is to understand the sensitivity to �0.

For the calculations presented here, evolution begins at the time ⌧0 = 0.6 fm/c. At such an early
time charges may have already separated by a few tenths of a femtometer. In a central collision such
a small separation is negligible in regards to the relative transverse di↵usive separation because the
overall transverse size is ⇠ 5 fm, and adding few tenths of a fm in quadrature would have little e↵ect.
However, in the longitudinal direction such a separation can have a large e↵ect due to the large
initial longitudinal flow. The di↵erence in spatial rapidity is �⌘s ⇡ �z/⌧ , so a 0.3 fm separation
in coordinate space translates to a half unit of rapidity, which is significant as the separation will
be magnified by longitudinal collective flow. Thus, the parameter �0 clearly a↵ects the widths of
the charge balance functions when binned by rapidity. The angle-binned balance functions are also
a↵ected, but mainly because the normalization of B(��) is reduced for larger �0 because it becomes
less likely that a charge and its balancing charge will both fit in the rapidity window.

Here, we compare the full model to ALICE results. Calculations employed the di↵usion constant,
D(T ), from lattice calculations [26, 27]. The temperature dependence of the susceptibility, �ab(T ),
and the equation of state driving the hydrodynamic acceleration were also taken from lattice cal-
culations [24]. The initial width �0 is not constrained by lattice calculations. It varies the width of
the charge-charge correlation functions in spatial rapidity at ⌧0,

Cab(�⌘s, ⌧0) ⇠ e�(�⌘s)2/4�2
0 . (22)

Because the mechanism and time scale of initial charge production is not well known, especially
in the context of a central heavy-ion collision, this parameter might be on the order . 1 units of
spatial rapidity, but there is no good experimental evidence to constrain it tightly. Figure 6 shows
balance functions for all six combinations of ⇡, K and p. Balance functions are filtered through the
ALICE acceptance. Unlike STAR analyses from RHIC, these have been corrected for e�ciency and
acceptance. They are constrained to a range in �y and by the transverse momentum of particles.
Table I shows the range of the ALICE acceptance.

As expected, given the behavior of the susceptibilities in Fig. 1, the ⇡⇡ balance functions are
narrower than either the pp or KK balance functions. The o↵-diagonal susceptibilities, which
become non-zero only when the matter cools to the hadronization region, also contribute to the
narrow structures, particularly to that of the Kp balance function. The agreement between model
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narrow structures, particularly to that of the Kp balance function. The agreement between model

15

�0. The tunneling involved in the dissolution of chromo-electric flux tubes might contribute to the
width �0, or the width might be due to charges being created at times less than ⌧0 followed by
some spreading. From charge balance functions measured in pp collisions or in peripheral heavy-ion
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increases, and if the cross section is fixed and if the thermal velocities are fixed, which would be true
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a small separation is negligible in regards to the relative transverse di↵usive separation because the
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FIG. 8. (color online) Balance functions, binned by relative rapidity are displayed for di↵erent di↵usivities.

Larger di↵usivities have the same e↵ect as increasing the value of �0 as shown in the previous section. The

KK and pp balance functions are more sensitive to the di↵usivity because they owe more of their strength

to type-I contributions (red circles) than to type-II contributions (green circles), those correlations given

birth at the earliest times, or during the hydrodynamic phase.

which they were created. For this reason pp and KK charge balance functions are especially useful
for constraining the di↵usivity because the source functions which drive them are almost entirely
concentrated at the earliest times.

The sensitivity to the di↵usivity is shown in Figs. 8 and 9. In the base calculation the di↵usivity
was set as a function of temperature according to lattice results [26, 27]. As expected, the KK and
Kp balance functions are significantly sensitive to the di↵usivity. Doubling the di↵usivity can a↵ect
the balance function by several tens of percent, which makes one optimistic about the prospects
of extracting the di↵usivity from experiment. Comparison with data in Fig. 9 shows that the
di↵usivity from lattice calculations appear remarkably consistent with measurements from ALICE.
Calculations with half or double the di↵usivity seem less able to reproduce ALICE measurements,
but conclusions must be tempered as discussed in the following paragraphs.

It should be emphasized that the behavior at small �y or �� can be easily altered by the
chemical evolution in the hadronic phase. Baryon-antibaryon annihilation [30, 31] was not included

20

FIG. 9. Balance functions binned by�� are broader for higher values of the di↵usivity. Whereas the height

of these same balance functions were sensitive to �0, the width is mainly driven by the di↵usivity. This is

especially true for the KK and pp balance functions, which are mainly sourced at early times. Comparison

with preliminary ALICE results suggests that di↵usivities close to those used for lattice gauge theory are

consistent with data, and that doubling or quadrupling the di↵usivity leads to somewhat less satisfactory

reproductions of experimental results. Type-I contributions (red circles) and type-II contributions (green

circles) are summed to construct the correlation (black circles).

in the calculations, but could easily suppress the pp balance function by tens of percent near�� = 0.
This suppression would then increase the strength at larger ��, or at larger �y, because it also
lowers the denominator is such a way as to maintain the charge conservation constraints. Thus,
increasing the di↵usivity and introducing baryon annihlation can have similar e↵ects. Strangeness
can also annihilate. For example the reaction K+K� ! � ! ⇡⇡ can have the same e↵ect on
the KK balance function as baryon annihilation does for the pp case. Such e↵ects are probably
rather small, but nonetheless this introduces uncertainty into any inference of the di↵usivity from the
BK|K(��). Another class of e↵ects that alters balance functions at small�� is final-state interaction
(FSI) between the emitted particles. Identical-particle interference and Coulomb interaction drive
correlations at small relative momentum that provide the means to femtoscopically extract source
size and lifetime information. However, for these analyses these e↵ects are ignored. Again, by

J. Pan, PhD, Wayne State (2019)

ALICE PLB 833 (2022) 137338
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Suppressing Hadron (Strong) Decays

17

CP et al., 2310.07618 [hep-ex]

Role of decays depends on types of BF considered: 

Essentially no particles decay into a baryon and anti-baryon


But resonances can decay into (Examples)

+Q & -Q:         

+S & -S:          

Baryon + Meson:    


ρ0 → π+ + π−

ϕ0 → K+ + K−

N* → p + π−

Can we suppress or 
eliminate correlations 

originating from 
decays?
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A Strong Case for ALICE 3 

Baryon Transport 
What Carries the Baryon 

Number?

YES: Use N>2 
Balance Functions

https://arxiv.org/abs/2310.07618


C. Pruneau, ALICE AIM, March 5, 2024.

Net Charge/Baryon/Strangeness Fluctuations

Thermal Hadron Production

18

RHIC, Au-Au @ 200 GeV 

HRG Model w/ parameters T, , V 
W/ “feed-downs”: E&M, Strong Decays:  e.g.,   ,  , etc…  
Fit to ratios: Volume V cancels out

μB
Δ → p(n) + π ρ → π + π

wroclaw2020 printed on January 15, 2021 3

importantly, also non-resonant components [18]. In this approach, currently
implemented only for µB ' 0 (and here for the non-strange sector), the ef-
fect of multi-pion-nucleon interactions is estimated using LQCD.

2. Statistical hadronization of light quarks

In practice, TCF , µB, and V , the parameters at chemical freeze-out are
determined from a fit to the experimental data. For the most-central (0-
10%) Pb–Pb collisions at the LHC, the best description of the ALICE data
(see [19] and ref. therein) on yields of particles in one unit of rapidity
at midrapidity, is obtained with TCF = 156.6 ± 1.7 MeV, µB = 0.7 ± 3.8
MeV, and V = 4175 ± 380 fm3 (corresponding to a slice of one unit of
rapidity, centered at mid-rapidity) [18], shown in Fig. 1. The standard
deviations quoted here are exclusively due to experimental uncertainties
and do not reflect the systematic uncertainties connected with the model
implementation.
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Fig. 1. Left: Hadron yields dN/dy measured in central Pb–Pb collisions at the LHC
and the best fit with SHM. The lower panel shows the ratio of data and model with
uncertainties (statistical and systematic added in quadrature) of the data. Right:
Mass dependence of hadron yields divided by the spin degeneracy factor (2J + 1).
For SHM, plotted are the “total” yields, including all contributions from high-
mass resonances (for the ⇤ hyperon, the contribution from the electromagnetic
decay ⌃0

! ⇤�, which cannot be resolved experimentally, is also included), and
the (“primordial”) yields prior to strong and electromagnetic decays.

Very good agreement is obtained between the measured particle yields
and SHM over nine orders of magnitude in abundance values and encom-

Thermal HG models predict observed abundances with spectacular precision!

A. Andronic, et al., PLB 792 (2019) 304

Particle densityGCE Partition Function: 
 

, w/  : System Temperature 
 : Hamiltonian 
: Chemical potentials 
: Conserved number operators

Z(V, T, μB, μQ, μS) = Tr [e−β(H − ∑i μiNi)]
β = 1/T T
H
μi
Ni

LHC, Pb-Pb @ 2.76 TeV 

Can we explicitly explore chemistry/contributions from particlization vs. feed-downs?

 
 

TCF = 156.6 ± 1.7MeV
μB = 0.7 ± 3.8 MeV

VΔy=1 = 4175 ± 380fm3

χ2 /dof = 16.7/19
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Hadron Resonance Gas Model(s) & BFs…
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Thermalized Systems!?!

Hadrons feed down into pairs: measure their BFs

f αβ(Ω) =
Iαβ(Ω)

∑β Iαβ(Ω)
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Balance Function Integrals

 function of 
centrality ???

Fractional balance 
function integrals:

Single Spectra: Thermal Only

Thanks to Chun Shen

Single Spectra: Thermal + Feed Down

T M
ass

CP et al.,In preparation

Examples: 
 

… 
 

…

ρ0 → π+ + π−

Δ0 → p+ + π−

Integrals of BFs
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2-Cumulants

Unified Balance Functions
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“New” Works/Ideas: Technical Improvements

ρα|β
2 (y1 |y2) =

ραβ
2 (y1, y2)
ρβ

1(y2)

Conditional Density

Bα|β̄(y1 |y2) = ρα|β̄
2 (y1 |y2) − ρᾱ|β̄

2 (y1 |y2)

Pratt’s Balance Functions

B+−(y1, y2 |y0) =
1

⟨N−
1 ⟩ [ρ+−

2 (y1, y2) − ρ−−
2 (y1, y2) − ρ+

1 (y1)ρ−
1 (y2) + ρ−

1 (y1)ρ−
1 (y2)]

B+−(y1, y2 |y0) =
1

⟨N−
1 ⟩ [C+−

2 (y1, y2) − C−−
2 (y1, y2)]

Unified Balance Functions

2-Cumulants

Accounting for non vanishing net-charge with unified balance functions, C.P. et al, PRC 107 (2023) 1, 014902,

Effects of non vanishing net charge on balance functions and their integrals, C.P. et al, PRC 107 (2023) 5, 054915

General balance functions of identified charged hadron pairs of , ,  in PbPb Collisions…, C.P. et al, PLB 833 (2022) 137338π K pp̄
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Charge BF w/ Mixed Species: , , π± K± p(p̄)
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Identified BFs w/ PYTHIA8

Simulations 
PYTHIA8 
pp @  TeV 

, ,  
pT>0, |y|<10  

s = 13
π± K± p(p̄)

CP et al., e-Print: 2403.13007 [hep-ph]

4− 2− 0 2 4
 y∆

0

0.2

0.4

s B

∑
Kπ
KK
pK

=13 TeVsPYTHIA; pp 

4− 2− 0 2 4
 y∆

0

0.1

0.2

0.3

0.4

s B

∑
ππ

πK
πp

=13 TeVsPYTHIA; pp 

1 10  y∆

0

0.5

1

s I

∑
Kπ
KK
pK

=13 TeVsPYTHIA; pp 

1 10  y∆

0

0.5

1

s I

∑
ππ
πK
πp

=13 TeVsPYTHIA; pp 

Charge balancing determined by particle production dynamics

Bαβ̄,s(Δy) =
1

⟨Nβ̄
1⟩ [Cαβ̄

2 (Δy) − Cᾱβ̄
2 (Δy)] +

1
⟨Nβ

1⟩ [Cᾱβ
2 (Δy) − Cαβ

2 (Δy)]
-triggerπ -triggerK

Dominates 
charge 
balance

-triggerπ -triggerK

Charge balance 
shared…
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Baryon Balance Functions
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Identified BFs w/ PYTHIA8

Simulations w/ PYTHIA8 
pp @  TeV s = 2.76,5.02,13

Charge balancing 
determined by particle 
production dynamics: 

BF & Integral have great 
potential to constrain 

models… 
In pp & AA collisions

3

III. LIGHT HADRON BALANCE FUNCTIONS59

IV. BARYON BALANCE FUNCTIONS60

The production of non-strange and strange (light) baryon has been measured in pp as well as in A–A61

collisions [? ] at several beam energies but the underlying mechanisms of their production are yet to62

be fully elucidated. Models aiming to describe the production of baryons are mostly phenomenological in63

nature and belong essentially into three categories: string fragmentation [? ? ? ], thermal production, and64

hydro+thermal production. It appears that thermal and hydrodynamical models perform better in large65

systems while string based description fair better in smaller systems. One might then expect, as per the66

argument initially set forth by Bass et al., that longitudinal baryon balance functions should be quite broad67

in light collision system, particularly in pp collisions, and much narrower in AA collisions in part because of68

late BB̄ production and in part as a result of transverse radial flow. One must also consider the question of69

nuclear stopping. What is indeed the mechanisms at play in (partial) baryon stopping. Some models invoke70

baryon junctions while some recent models posit the baryon number might be carried by gluons [? ]. What71

do expect the BFs of these to look like?72

Unfortunately, it is unclear whether simple measurements of invariant (single particle) cross section can73

provide a su�ciently full set of information to discriminate between these many di↵erent models. There74

is thus plenty of room to consider new and additional ways to measure baryon production and elucidate75

their production mechanisms. One such new class of measurements is based on unified balance functions76

(UBFs) over a wide range of rapidity and momentum. By construction, UBFs are probing the likelihood77

one particular baryon might be produced (and thus correlated) in association with another baryon. UBFs78

also probe the manner in which these baryons might be produced. Are the UBFs narrow or broad in relative79

rapidity �y. Are the baryons produced at the onset of collisions or much later as partons combine near80

freeze-out? Is the baryon number carried by quarks or gluons? While it is unlikely that measurements81

of UBFs can fully elucidate these questions, they should at least provide much additional light to inform82

phenomenological models. It is thus of interest, in this section, to examine what measurements of baryon83

UBFs are possible, what are the acceptance and instrumental requirements, and so on.84

In the context, we assume for the sake of simplicity that it is possible to measure low-mass non-strange85

and weakly decaying baryons based on the (most probable) decay channels listed in Tab. ??. High-energy86

neutrons can nominally be detected with hadronic calorimeters [? ? ] but it is unlikely such techniques can87

be applied over wide transverse momentum and/or pseudorapidity acceptance. Likewise, several of the listed88

weak decays, particularly, those involving a photon in the final state, would be rather challenging to measure89

in the context of heavy-ion collisions. We nonetheless include all baryons listed in Tab. ?? for the sake of90

illustration of the baryon sum-rule. Specifically, we show that the computation of unified balance function91

yields meaningful integrals and sum of integrals that can, in principle, be exploited to further elucidate92

baryon production mechanisms. In our analysis of PYTHIA8 pp collisions, this is accomplished by turning93

o↵ the decay of these baryons, while short-lived hadron resonances (e.g., N⇤, �++, etc) are allowed to94

decay (strong interaction decays). The baryons listed in Tab. ?? are thus considered endpoints of the decay95

sequences of heavier baryons and one thus expects the sums of balance functions, with a common reference96

particle, to add to unity as an explicit manifestation of baryon conservation, as per the sum rule (??).97

Species c⌧ (m) Observation Method

p long lived spectrometer

n ⌧ = 877.8 s hadronic calorimeter

⇤0 0.079 ⇤0 ! p+ ⇡�

⌃� 0.045 ⌃� ! n+ ⇡�

⌃0 0.022 nm ⌃0 ! ⇤0 + �

⌃+ 0.024 ⌃+ ! p+ ⇡0

⌅� 0.049 ⌅� ! ⇤0 + ⇡�

⌅0 0.087 ⌅0 ! ⇤0 + ⇡0

⌦� 0.024 ⌦� ! ⇤0 +K�

98

Figure 1 present unified balance functions (UBFs) Bs for species pairs involving (a) a proton, (b) ⇤0, (c)
⌃0, (d) ⌃+, (e) ⌅�, and (f) ⌦� as reference particle, computed with PYTHIA8. Our analysis indicates these
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Second order cumulant : 


Poisson limit (Skellam) : 


Ratio of  to Skellam :      

 

 

LHC:  :    


Consequently :     
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dyn,

Connection to Net Proton Fluctuations

3

order to shed light on these observations we have re-154

constructed second cumulants of single proton and anti-155

proton distributions which are depicted in Fig. 3 with the156

solid and open blue circles, respectively. We observe sig-157

nificant di↵erences between second and first cumulants158

of single protons and anti-protons. The latter however159

does not necessarily indicate deviation of single proton160

and anti-proton distributions from the underlying Pois-161

son baseline. Indeed, within the recently proposed model162

it was demonstrated that dynamical fluctuations are sig-163

nificantly modified by unavoidable fluctuations of partic-164

ipant nucleons [9] (see also Ref. [21]). The model uses165

several inputs such as mean number of protons and anti-166

protons and the centrality selection procedure which de-167

termines the fluctuations of participants. Using the ex-168

perimentally measured mean values of protons and anti-169

protons presented in Fig. 3 and the same centrality se-170

lection as used in this analysis we calculated second cu-171

mulants of protons and net-protons in the presence of172

participant fluctuations.173

These results are presented with the dashed and solid174

lines in Fig. 3 for protons and net-protons respectively.175

Both calculations are consistent with the experimentally176

measured second cumulants of protons and the Skellam177

distribution, correspondingly. In the model, particles are178

produced from the independent Poisson distributions, i.e,179

the di↵erence between the dashed line and the mean val-180

ues of protons is completely driven by participant fluctua-181

tions. We therefore conclude that the observed deviation182

between the second and first cumulants of protons and183

anti-protons stems from participant fluctuations.184

On the other hand, the consistency between the solid185

line and the Skellam distribution shows that second cu-186

mulants of net-protons at LHC energies are not a↵ected187

by participant fluctuations because the net-proton num-188

ber vanishes. Indeed, in [9] it is demonstrated that partic-189

ipant fluctuations entering into second cumulants of the190

net-proton (single proton) distributions scale with the191

mean number of net-protons (protons). Another support192

for this interpretations is a small structure observed in193

the second cumulants of protons and anti-protons in the194

third centrality class, where the centrality bin width dou-195

bles, hence increasing the contribution from participant196

fluctuations. On the other hand, the centrality depen-197

dence of net-protons is rather smooth, indicating that, in198

case of vanishing net-baryon densities, participant fluc-199

tuations do not contribute to the measured second cumu-200

lants of net-protons. According to Eq. 3 the only reason201

for the deviation of the experimentally measured second202

cumulants of net-protons from the corresponding second203

cumulants of the Skellam distribution can be due to the204

correlation term.205

For second cumulants the correlation term arising from206

global baryon number conservation depends only on the207

acceptance factor ↵ = hnpi /
⌦
N4⇡

B

↵
with hnpi and

⌦
N4⇡

B

↵
208

referring to the mean number of protons inside the accep-209

tance and the mean number of baryons in the full phase210

space respectively [9]:211
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FIG. 3. Experimentally measured second cumulants of net-
proton distributions (red solid boxes) compared to Skellam
baseline (open squares). The second cumulants of single pro-
ton and anti-proton distributions are presented with the filled
and open blue circles, correspondingly. The green solid and
open circles represent first cumulants of protons and anti-
protons, respectively, which are hardly distinguishable be-
cause of the nearly equal mean numbers of protons and anti-
protons. The model predictions with the underlying indepen-
dent Poisson distributions for protons and anti-protons are de-
picted with the solid (net-protons) and dashed (protons) lines.
In the bottom panel the ratio of the experimentally measured
second cumulants of net-protons to the Skellam baseline is
presented.
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FIG. 4. Pseudorapidity dependence of the normalised second
cumulants of net-protons. The red solid line shows the e↵ect
of the baryon number conservation.

2 (p� p̄)

2 (Skellam)
= 1� ↵. (6)

We performed our analysis in 8 di↵erent pseudo-rapidity212

ranges from |⌘| < 0.1 up to |⌘| < 0.8 in steps of 0.1.213

The obtained results for the second cumulants of net-214

protons, normalised to the Skellam baseline, are pre-215

Baryon Number Conservation
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C.P., Phys.Rev.C 100 (2019) 3, 034905

Strong correlations exist: non Poisson behavior obtained from   vs. …νdyn Δη

Proportional to Integral of 
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Suppressing Decays and Jets

24

“New” Works/Ideas

Use Rapidity Gap and Same Side to suppress jets

Use n-cumulants w/ n>2 to suppress two prong decays

Use n-BFs w/ n>2 to suppress collective anisotropy

+ ++ + +-- - --

Example:  string or quark production at different times and effective 
temperature? What is the correlation length?

y

CP et al., 2310.07618 [hep-ex]

Longitudinal Correlation Length vs.  ?Δy

https://arxiv.org/abs/2310.07618
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Multi-particle Balance Functions

25

New Ideas 

B+−
2 ( ⃗p1, ⃗p2) =

C+−
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CP et al., Phys.Rev.C 109 (2024) 4, 044904
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n-Particle BFs vs. Net Charge Cumulants
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Connection to QGP Susceptibilities??

κQ
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2 − 2F+−
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2 ,
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1 + ⋯ + F4+

4 − 4F3+1−
4 + 6F2+2−

4 − 4F1+3−
4 + F4−

4

κQ
6 = F+

1 + F−
1 + ⋯ + F6+

6 − 6F5+1−
6 + 15F4+2−

6 − 20F3+3−
6 + 15F2+4−

6 − 6F1+5−
6 + F6−

6

B+−
2
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4
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6

RHIC BES: Search for critical point… 
LHC/ALICE: Study of QGP Susceptibilities

Order “n” Net Charge Cumulants determined by order “n” balance functions!
What is the role of collision dynamics?
What is the role of susceptibilities?

CP et al., Phys.Rev.C 109 (2024) 4, 044904
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“Charge” Longitudinal Correlation Length
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N-Particle Balance Functions

+ ++ + +-- - --

One string or quark production at different times and effective temperature?

y
Measure , , … vs. the width of the 
rapidity acceptance. 
As the size of the acceptance increases, 
so should fraction of  relative to unity. 
But  with different values of  will have 
different magnitude and convergence 
rates towards unity. 
Convergence rate tells us about the 
correlation length. 

Caveats: 
Statistics Hungry!!! 
Do we currently have a meaningful 
acceptance for this measurements? 

ALICE 3 will!
What will be the jets’ contribution? 
Can be suppressed with eta-phi 
gaps…

B2 B4

Bn
Bn n

Use cases/acceptance

CP et al., Phys.Rev.C 109 (2024) 4, 044904
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Summary

• Some Prior Works on Delayed Hadronization 
• Multiple new ideas for BFs measurements 

• Charge/Strangeness/Baryon 2-Balance Functions  
• Better understanding of particle production dynamics 
• Better constraints of production models (MC models) 
• “Calibration” of 2-cumulants  
• Identified particle 2-balance functions 

• Connection between Balance Functions and Net Charge 
Cumulants. 

• Charge/Strangeness/Baryon n-Balance Functions, with n>2 
• Evolution of longitudinal correlation vs. system size, collision 

centrality, etc. 
• Not discussed but important: charm/beauty BFs

28

Multi-particle Balance Functions
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Charge BF w/ Mixed Species: , , π± K± p(p̄)
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Identified BFs w/ PYTHIA8

Simulations w/ PYTHIA8 
pp @  TeV 

, ,   pT>0, |y|<10 
s = 2.76,5.02,13

π± K± p(p̄)
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pp & AA collisions
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