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Correlation: ‘Elementary NN’ vs ‘AA’ collisions
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➢ Long range rapidity correlations 
(“bump” – narrow in phi and wide in 
rapidity, charge independent)

➢ Narrowing of the charge balance 
function: (Δpz ≈ mt sinh(Δy) – 
increase in mt -> decrease in 
rapidity separation [same as in S. 
Pratt et al, in “late hadronization 
scenario”]

➢ Charge correlation in phi – 
Azimuthal Balance function

Everything evolving with centrality!

➢ Correlations are due to local
charge(s) conservation, 
resonances, due to fluctuations in 
number of produced strings, e.g. 
number of qq-collisions
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Expansion of the Little Bang
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QGP phase
quark and gluon 

degrees of freedom

QGP Phase 

Boundary

kinetic

freeze-out

lumpy initial 

energy density

distributions & correlations of 

produced particles

Did the charge 
separation occur here or here?

Charge ordering of the ridge and it’s width may distinguish



Width of correlations from initial state

The longitudinal width of the correlation is related to the time 
the correlation was established★

late stage correlation will be narrow in ∆η, early times wide

Long Range: 

Early Time
Late Stage: 

Short Range

★Dumitru, Gelis, Venugopalan, 

McLerran: Nucl. Phys.A 810:91,2008

z

time

collision vertex

Early

Late
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Charge conservation at freezeout
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Charge ordering is not unique to jet physics:

P. Bozek and W. Broniowski, 

arXiv:1204.3580

Correlations from the freeze-out surface must be shorter range
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-Correlation of conserved charges (Balance Functions): in this 
case the correlations existed already at the production moment 
would be modified by radial flow.



Effect on correlations
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When you enforce charge conservation at the phase boundary, 
you develop a narrow charge dependent structure

P. Bozek and W. Broniowski, arXiv:1204.3580
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FIG. 2. (Color online) The correlat ion funct ion C for like-sign (a,c) and opposite-sign (b,d) pairs. Panels (a,b) and (c,d)

correspond to absent and present direct charge balancing, respect ively. Inclusion of charge balancing sharpens the peak around
∆ η = ∆ φ = 0 and causes the desired fall-of f of the same-side ridge (cent rality 30 − 40%, Tf = 140 MeV, 0.2 < pT < 2 GeV).

90%, est imated to hold for the registered charged part i-
cles in STAR. For simplicity, we set all chemical poten-
t ials at freeze-out to zero, which is a good approximat ion
at RHIC. Other, more technical details of our approach
may be found in Ref. [10]).

The observed charge balance funct ions can be ex-
plained assuming that opposite charge pairs are created
towards the end of the evolut ion [6, 7]. To implement
this mechanism in a simple model way but with a real-
ist ic hydrodynamic flow (we call it direct charge balanc-
ing), we enforce that the same-species charged hadron-
ant ihadron pairs are produced at the same space-t ime
locat ion x (see Fig. 1). The hadron momenta p1 and p2

are determined independent ly according to the Cooper-
Frye formula. The fact that the fluid element moves with
a collect ive velocity uµ (x) causes a certain-degree of col-
limat ion of the momenta of the produced pair. An ad-
dit ional balancing mechanism comes from the decays of
neutral resonances (see Fig. 1). The correlat ions induced
by balancing are of a non-flow character, i.e., cannot be
obtained by the folding of single-part icle dist ribut ions
containing the collect ive flow.

To illust rate the relevance of the effect , in Fig. 2 we
show the results of our simulat ions for several cases for
the like-sign (+ + , − − ) and unlike-sign (+ − ) pairs. In
panel (a) we show the correlat ion C(+ + , − − ) without
direct balancing. We note the completely flat ridges, re-
flect ing the approximate boost-invariance in the inves-
t igated kinemat ic range and, of course, the presence of
flow. We use the framework of event-by-event viscous hy-
drodynamics which generates realist ic ellipt ic and trian-
gular flows in the collisions [12]. Therefore the dominant

modulat ion of the shape in azimuth of the ellipt ic and tri-
angular flows is well reproduced [1, 13]. Panel (b) shows
the same for C(+ − ), where some mild fall-off in ∆ η of
the same-side ridge follows from the resonance decays.
Panels (c) and (d) include the direct charge balancing.
We now note a prominent fall-off of the same-side ridge
in C(+ − ), which is our key observat ion: the quant ity
C(+ − ) − 1 drops from the central region to |∆ η| = 2
by about a factor of 2. The fall-off is also enhanced
for C(+ + , − − ) due to secondary effects from balancing
of heavier part icles, which later decay. The results of
panels (c,d) are in qualitat ive and approximate quant i-
tat ive agreement to the results of the STAR Collabora-
t ion, where the HBT correlat ions for ident ical part icles
are subtracted [2].

To check whether our mechanism is correct also at
the quant itat ive level, we now proceed to the inves-
t igat ion of the charge balance functions, defined as
B (∆ η) = ⟨ N+ − − N+ + ⟩/ ⟨N+ ⟩ + ⟨ N− + − N− − ⟩/ ⟨N− ⟩,
where ⟨Nab⟩ denotes the event-averaged dist ribut ions of
part icles a and b with relat ive rapidity ∆ η, and ⟨Na⟩
stands for the average number of part icles a in the
acceptance window |η| < 1. We note that the charge
balance funct ion is related to the dist ribut ions in the
numerator of Eq. (1),

B (∆ η) =
d∆ φ[N

pair
+ − (∆ η, ∆ φ) − N

pair
+ + (∆ η, ∆ φ)]

2π⟨N+ ⟩
+

(+ ↔ − ). (2)

The outcome, with correct agreement to the data, is pre-
sented in Fig. 3. We note a preference to the lower freeze-
out temperature, Tf = 140 MeV.
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FIG. 5. (Color online) Our simulat ions for the correlat ion funct ion C with direct charge balancing included for the like-sign

(a,b,c) and unlike-sign (d,e,f ) pairs at three sample cent ralit ies (Tf = 140 MeV, 0.8 < pT < 4 GeV as in Ref. [17]).

should manifest itself in all approaches where the charge
balancing is combined with a collect ive mot ion of the
source. Our approach, based on the fluctuat ing Glauber-
model init ial condit ions, state-of-the-art hydrodynam-
ics, and stat ist ical hadronizat ion incorporat ing the direct
charge balancing, is capable of reproducing all basic fea-
tures of the data for the unbiased correlat ion funct ion
C(∆ η, ∆ φ), as well as for the related quant it ies, such as
the charge balance funct ion and the harmonic flow coef-
ficients v2

n (∆ η). The correlat ion from charge balancing,
yielding a two-dimensional central peak, comes on top of
the ridge structures following from the presence of the
azimuthally asymmetric collect ive flow [1]. I t thereby

brings in a crucial non-flow component in the harmonic
flow coefficients v2

n , with a characterist ic fall-off in the
relat ive pseudorapidity. Thus the collective flow together
with the local charge conservation is the key to a suc-
cessful explanat ion of the shape of the correlat ion data
in relat ivist ic heavy-ion collisions.

We thank Paul Sorensen for a discussion concern-
ing the fall-off of the ridge, and to Mikolaj Choj-
nacki for help in modifying THERMI NATOR. Supported
by Polish Minist ry of Science and Higher Educat ion,
grant N N202 263438, and Nat ional Science Cent re,
grant DEC-2011/ 01/ D/ ST2/ 00772. The simulat ions
werepart ly carried out on the Cracow Cloud One cluster.
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Effect on correlations
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Calculation nicely captures trends 
in the data. Charge ordering is a 
general feature not requiring jets

n=2

n=3

P. Bozek and W. Broniowski, arXiv:1204.3580
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Clocking Hadronization
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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.

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

Charge Production Timeline 

Gary Westfall for STAR 15 

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

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 ! K 1 K 2 , 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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Besides “two-wave” picture it also attracts attention to BFs 

at “quark level” 

Often used to “claim” “late hadronization” in  
central collisions

❑ “Two-wave” picture of particle
production mechanism

❑ Used to ‘claim’ for late 
hadronization in central 
collisions and early 
hadronization in peripheral
collisions



ZDC

Why CMS Detector?
-Good precision

-Large rapidity coverage

Tracker

EM calorimeter

Hadron calorimeterHF HF

ZDC ZDC

CMS detector and data set

Ideal for capturing balancing 
partners and initial state 
fluctuations

IIT Madras                                                       P. R. Pujahari, WPCF 2024                 

Kinematic selection:
-  pT > 0.5 GeV/c (PbPb)
    pT > 0.4 GeV/c (pPb)
-  |η| < 2.4 
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Charge Balance function in PbPb
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Narrowing of the charge balance function is 
observed from peripheral to central PbPb 
collisions in Δη and Δɸ.

11

JHEP08(2024)148

Δη

Δɸ



Quantifying balance function width in PbPb
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Low multiplicity 
(peripheral) 

High multiplicity 
(central) 

Decrease Δη, Δɸ (narrower)
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JHEP08(2024)148



Comparison to MC with and w/o radial flow
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Data AMPT HIJING HYDJET
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JHEP08(2024)148
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- Narrowing is observed from low to high multiplicity events in 
pPb collisions in Δη and Δɸ.

- More radial flow effect and/or late hadronization in pPb 
system?

Charge Balance function in pPb

14

JHEP08(2024)148
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Quantifying balance function width in pPb
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JHEP08(2024)148



Testing diffusion of Balance function
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PbPb

The tails (higher Δη projections) of the Balance functions are broader  
☞ could be due to extra diffusion of charge in the early stages of the 
collisions and/or collective radial flow?

16

JHEP08(2024)148

pPb



Inclusive charge BFs and their integrals
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C. Pruneau 
Wayne State University 
College of Liberal Arts & Sciences 
Department of Physics and Astronomy

Let ;    

 

CHARGE CONSERVATION: 
Creation of   must be accompanied by the production of    : 

Integral of : 

               

In the  , full  acceptance limit yields. 

= = + ¯= ¯= −

B+|−(y1| y2) =
+−
2 (y1, y2)

−
1 (y2)

−
−−
2 (y1,y2)

−
1 (y2)

= + ¯= −

B+|−(y1| y2)

I+|−(y2| ) dy1B
+|−(y1| y2)

4 pT

Inclusive Charge BFs and their Integrals

11

How to define and measure BFs CP, Gonzalez, Hanley, et al., Phys.Rev.C 107 (2023) 1, 014902

+ -

lim
4

I+|−(y2| ) 1

courtesy: Claude Pruneau
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Relevant charge carriers

QGP Hadron gas  (HG)

Why E-by-E  fluctuations?

✓ To study the properties of 

the phase transition.

✓ To locate the critical end point.

✓ Fluctuations in hadron gas is higher than in QGP medium.

Relation to correlation:
- “Fluctuations” are determined by the
‘average’ value of the correlation 
function over pT -region under study.

Dynamical net-charge fluctuations
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C. Pruneau, S. Gavin, and S. Voloshin

Phys. Rev. C 66 (2002), 044904
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CMS-PAS-HIN-22-005
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CMS-PAS-HIN-22-005
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Summary

22
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New measurement in CMS (work in progress)

g

q

g

o No flow features since ++ and +- (etc) 
in jets should “suffer” same 
differential attenuation (flow) from 
medium (if any)

o Narrow peak may change width with 
jet mass or virtuality

Figure courtesy: Ian Moult

Charge BF, momentum-momentum correlation, and HBT 
within jet measurements are in progress within CMS

23
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