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We report studies of charge-independent and charge-dependent two-particle differential number correlation
functions, R2(�η, �ϕ), and transverse momentum correlation functions, P2(�η,�ϕ), of charged particles
produced in Pb–Pb collisions at the LHC center-of-mass energy

√
sNN = 2.76 TeV with the UrQMD, AMPT, and

EPOS models. Model calculations for R2 and P2 correlation functions are presented for inclusive charged hadrons
(h±) in selected transverse momentum ranges and with full azimuthal coverage in the pseudorapidity range
|η| < 1.0. We compare these calculations for the strength, shape, and particularly the width of the correlation
functions with recent measurements of these observables by the ALICE collaboration. Our analysis indicates
that comparative studies of R2 and P2 correlation functions provide valuable insight towards the understanding of
particle production in Pb–Pb collisions. We find, in particular, that these models produce quantitatively different
magnitudes and shapes for these correlation functions and none reproduce the results reported by the ALICE
collaboration. Accounting for quantum number conservation in models, particularly charge conservation, is
mandatory to reproduce the detailed measurements of number and transverse momentum correlation functions.

DOI: 10.1103/PhysRevC.104.064902

I. INTRODUCTION

Integral and differential correlation functions measure-
ments are essential tools for the study of proton-proton (pp)
and heavy-ion (A–A) collisions at relativistic energies. Az-
imuthal correlations functions have provided evidence for
the existence of anisotropic flow in A–A collisions [1–8],
(approximate) quark scaling of flow coefficients in A–A col-
lisions at RHIC and LHC [7,9–11], as well as evidence for
the presence of long range correlations in smaller systems
such as pp and p–A collisions [12–17]. Differential two-
particle (number) correlation functions have also enabled the
discovery of jet quenching at RHIC [18,19] and its detailed
characterization in A–A collisions at both RHIC and LHC
[20]. Many other correlation functions, including number and
transverse momentum correlation functions [21,22] have been
studied at RHIC and LHC to better understand the parti-
cle production dynamics and elucidate the properties of the
matter produced in pp and A–A collisions [23–27]. Among
these, the recent measurements [28] of number correlation,
R2, and differential transverse momentum correlation, P2, de-
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fined in Sec. II, have enabled independent confirmation of
the collective nature of the azimuthal correlations observed
in Pb–Pb collisions [29], as well as the identification of no-
ticeable differences in the �η and �ϕ dependence of these
correlation functions. Indeed, measurements by the ALICE
collaboration [28,29] show that the near-side peak of both
charge-independent (CI) and charge-dependent (CD) corre-
lations is significantly narrower, at any given A–A collision
centrality, in P2 than in R2 correlation functions in both lon-
gitudinal and azimuthal directions. This confirms [30] that
comparative measurements of P2 and R2 correlation functions
may provide additional sensitivity to the underlying particle
production mechanisms involved in heavy-ion collisions.

In this work, we compare calculations of the R2 and P2

correlation functions with the UrQMD [31–34], AMPT [35],
and EPOS [36–38] models with the measurements recently
reported by the ALICE collaboration [28,29], with a particular
focus on charged particles produced in the range 0.2 < pT �
2.0 GeV/c. We seek to establish, in particular, whether the
three selected models can reproduce the distinctive features
of CD and CI combinations of these correlation functions. For
instance, in Pb–Pb collisions at

√
sNN = 2.76 TeV, the corre-

lators feature near- and away-side structures featuring specific
dependence on collision centrality. The ALICE collaboration
reported that the near-side of the P2 correlator is typi-
cally much narrower than that of its R2 counterpart [28,29].
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Additionally, the width of the near-side peak of CD correlation
functions is observed to narrow considerably from peripheral
to central collisions while the CI correlation functions exhibit
broadening and a significant change of shape in more central
collisions.

This paper is organized as follows. Section II presents def-
initions of the R2 and P2 correlation functions studied in this
work and describes how they are computed, whereas Sec. III
presents a discussion of the particle production and transport
properties these correlation functions are sensitive to. The
UrQMD, AMPT, and EPOS models, and the conditions under
which they were used to generate Pb–Pb events, are briefly
introduced in Sec. IV. Correlation functions obtained with
the three models are presented in Sec. V and conclusions are
summarized in Sec. VI.

II. CORRELATION FUNCTIONS DEFINITION

The R2 and P2 correlation functions (hereafter also called
correlators) are defined in terms of single- and two-particle
densities expressed as functions of the particles pseudorapid-
ity η and azimuthal angle ϕ,

ρα
1 (η, ϕ) = 1

σ

d2σα

dηdϕ
, (1)

ρ
αβ

2 (η1, ϕ1, η2, ϕ2) = 1

σ

d4σαβ

dη1dϕ1dη2dϕ2
, (2)

where σ represents the inelastic cross-section, σα is the
single-particle production cross-section of particles of type α,
and σαβ is the pair production of particle types α and β. In
the context of this paper, we limit the discussion to correlation
function of charged particles. The indices α and β thus stand
for positive (+) and negative (−) particles.

The R2 correlator is defined as a two-particle cumulant nor-
malized by the product of single-particle densities according
to

Rαβ

2 (η1, ϕ1, η2, ϕ2) = ρ
αβ

2 (η1, ϕ1, η2, ϕ2)

ρα
1 (η1, ϕ1)ρβ

1 (η2, ϕ2)
− 1, (3)

whereas the P2 correlator is defined in terms of the momentum
correlator 〈�pT�pT〉 normalized by the square of inclusive

mean transverse momentum, 〈pT〉, to make it dimensionless

Pαβ

2 (η1, ϕ1, η2, ϕ2) = 〈�pT�pT〉αβ (η1, ϕ1, η2, ϕ2)

〈pT〉2
. (4)

The 〈�pT�pT〉αβ differential correlator [30] is defined ac-
cording to

〈�pT�pT〉αβ (η1, ϕ1, η2, ϕ2)

=
∫ pT,max

pT,min
d pT,1 d pT,2 ρ

αβ

2 ( �p1, �p2)�pT,1�pT,2∫ pT,max

pT,min
d pT,1 d pT,2 ρ

αβ

2 ( �p1, �p2)
, (5)

where �pT,i = pT,i − 〈pT〉 and 〈pT〉 is the inclusive
mean transverse momentum defined according to 〈pT〉 =∫ pT,max

pT,min
ρ1 pTd pT/

∫ pT,max

pT,min
ρ1d pT.

The correlators R2 and P2 are reported as functions of the
differences �η = η1 − η2 and �ϕ = ϕ1 − ϕ2 by averaging
across the mean pseudorapidity η̄ = 1

2 (η1 + η2) and the mean
azimuthal angle ϕ̄ = 1

2 (ϕ1 + ϕ2) acceptance according to

O(�η,�ϕ) = 1

	(�η)

∫
O(η1, ϕ1, η2, ϕ2)

× δ(�ϕ − ϕ1 + ϕ2)dϕ1dϕ2

× δ(�η − η1 + η2)dη1dη2, (6)

where O represents either of the R2 or P2 correlators and
	(�η) is the width of the acceptance in η̄ at a given value
of �η. The angle difference �ϕ is calculated modulo 2π and
shifted by −π/2 for convenience of representation in the fig-
ures. The analysis is carried out for charge combination pairs
(αβ ) = (+−), (−+), (++), and (−−) separately. Like-sign
(LS) pairs correlations are averaged to yield LS correlators,
LS = 1

2 [(++) + (−−)], and unlike-sign (US) correlators are
obtained by averaging (+−) and (−+) correlations, US =
1
2 [(+−) + (−+)]. The LS and US correlators are then com-
bined to yield CI and CD correlators defined according to

O(CI) = 1
2

[
O(US) + O(LS)

]
, (7)

O(CD) = 1
2

[
O(US) − O(LS)

]
, (8)

respectively. The CI correlator measures the average of all cor-
relations between charged particles while the CD correlator is
sensitive to the difference between US and LS pairs and is as
such determined largely by charge conservation.

The R2(CD) correlator is strictly proportional to the charge
balance function (BF) [23] when the yields of positive and
negative particles are equal [39]:

Bαβ ( �pα, �pβ ) = 1
2

{
ρ

β−
1

[
Rα+β−

2 ( �pα+ , �pβ− ) − Rα−β−
2 ( �pα− , �pβ− )

] + ρ
β+
1

[
Rα−β+

2 ( �pα− , �pβ+ ) − Rα+β+
2 ( �pα+ , �pβ+ )

]}
, (9)

where labels α and β represent the types (species) of particles
considered. Balance functions are sensitive to mechanisms
of particle production and transport in A–A collisions. They
were first considered to investigate the presence of delayed
hadronization [23,40], but they were recently also shown to
be particularly sensitive to the hadrochemistry of the collision

systems as well as the diffusivity of light quarks [24,41]. The
AMPT, UrQMD, and EPOS models are already known to
successfully reproduce the pT spectrum of produced particles,
i.e., the single-particle densities ρα

1 obtained with measure-
ments of (identified and inclusive) charged particles. Given
the balance function is proportional to those yields but its
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TABLE I. Sensitivity of the RCD
2 , PCD

2 , RCI
2 , and PCI

2 correlators to the different physics processes of relevance for particle production in
heavy-ion collisions.

Concerned physics processes RCD
2 , PCD

2 RCI
2 , PCI

2

1. Coulomb + HBT
√ √

2. Jet cross-section, fragmentation, quenching, angular ordering
√ √

3. Energy-momentum conservation
√

4. Quantum number (Q,S,B) conservation
√ √

5. Anisotropic flow
√ √

6. Resonance decays
√ √

7. String/Color tube fragmentation and other long range correlations
√ √

8. Transport-Radial flow
√ √

9. Quark diffusivity
√

10. Two-stage hadronization
√

shape and structure are primarily determined by the nor-

malized cumulants Rαβ

2

(CD)
, we limit our discussion to a

comparison of the calculated correlators Rαβ

2

(CD)
to those re-

ported by the ALICE collaboration.

III. PROPERTIES OF THE R2 AND P2 CORRELATORS.

Heavy ion collisions are rather complex phenomena in-
volving diverse particle production and transport mechanisms.
It is thus of interest to briefly consider what physics insight
can be brought about by the R2 and P2 correlators.

At very large collision energy, the yields of antiparticles
and particles are nearly equal [42,43] and so are, essentially,
correlators of same sign particles, i.e., measured correlators
for (+,+) and (−,−) pairs are essentially indistinguishable.
But conservation laws, including (electric) charge conserva-
tion, baryon number conservation, strangeness conservation,
as well as energy-momentum conservation significantly con-
strain the particle production. Interesting insight may thus be
provided by comparing same- (LS) and opposite-sign (US)
particle pairs, e.g., h+h+ and h+h−, or baryon-baryon and
baryon-antibaryon particle pair correlations. It is of interest, in
particular, to consider what correlation features the LS and US
pairs may have in common and identify those that distinguish
them. This is readily accomplished with the study of CI and
CD combinations of the LS and US correlation functions,
defined by Eqs. (7) and (8). CI combinations of the R2 and
P2 correlators reveal correlation features that are common to
both LS and US pairs while the CD combinations emphasize
their differences.

Prior studies have shown that CI and CD combinations of
the differential correlation functions R2 and P2 are sensitive
to several mechanisms of particle production and transport
in pp, p–A, and A–A collisions [29,44,45]. Among others,
these include energy-momentum conservation, quantum num-
ber conservation, response to pressure gradients and different
levels of opacity, resonance decays, as well as jet production
and quenching, etc. A full discussion of the sensitivity of the
R2 and P2 correlators and their CI and CD combinations to
all these facets is beyond the scope of this work but Table I
provides a brief synopsis of their properties and response to
these different facets of heavy-ion collisions.

Given the P2 observable has so far received only a limited
amount of attention, it is interesting to discuss its proper-
ties in some detail. The P2 correlator features an explicit
dependence on the momenta of the particles relative to the
mean transverse momentum, 〈pT〉. One can then expect that
correlation structures observed with P2 should be qualita-
tively different than those observed with R2. Specifically, by
virtue of the dependence on �pT�pT, P2 is sensitive to the
“hardness” of the correlated particles. On the one hand, if
correlations are dominated by a preponderance of particle
pairs with pT > 〈pT〉 or pT < 〈pT〉, then P2 is expected to be
positive definite. On the other hand, if correlations are domi-
nated by pairs featuring one particle with pT > 〈pT〉 and the
other with pT < 〈pT〉, then P2 is expected to feature negative
values on average. Furthermore, a change from positive to
negative values is expected as a function of �η and �ϕ in
the vicinity of the near-side peak for correlations involving
jet fragments as a specific pT versus θ ordering (θ being
the angle of particle emission relative to the initial parton
direction) as shown in Ref. [45]. Such change from positive
to negative values might also be observed in the presence of
resonance decays with large radial boost [44]. Either way,
the presence of such a shift from positive to negative values
versus �η and �ϕ is expected to lead to a narrower near-side
peak in P2 correlations than in R2 correlations. The width
difference, however, should be sensitive to the details of the jet
angular ordering and/or the relative magnitude of resonance
decay contributions to these correlators. Two-prong decays of
resonances at rest would, nominally, yield back-to-back two-
particle correlation structures. In practice, thermal and strong
radial flow fields produced in A–A collisions kinematically
focus progeny particles into a relatively narrow near-side peak
surrounding �η = 0, �ϕ = 0. Moreover, the fragmentation
of jets is known to yield a somewhat narrow correlation
peak in �η versus �ϕ coordinates, while back-to-back jet
production leads to a relatively broad away-side correlation
structure centered at �ϕ = π and typically extending over a
wide range of pseudorapidity differences in these correlators.
The strength and shape of the near-side correlation peaks of R2

and P2 are thus sensitive to the relative abundances of hadronic
resonances as well as the radial flow profile that accelerates
them. Moreover, although the correlators R2 and P2 nominally
measure the same pairs and thus the same correlations, the
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explicit dependence of P2 on the product of deviates �pT�pT

provides sensitivity to the pT ordering of the particles [45].
A joint study of the differential correlators R2 and P2 thus

provide sensitivity to the details of the hadronic cocktail, that
is, the hadrochemistry of the system, as well as its trans-
port characteristics. Furthermore, initial spatial anisotropy,
particularly in heavy A–A systems, is known to generate
considerable pressure gradients that drive anisotropic particle
production in the transverse plane of these collisions. Such
anisotropies, characterized by flow coefficients vn, n � 2, are
found to extend over a very wide range of rapidity differences
at RHIC and LHC energies. Recent ALICE measurements and
comparison of P2 and R2 correlators, in fact, provided further
support to the notion that azimuthal (i.e., �ϕ) modulations
find their origin in the initial spatial anisotropy and geometry
of colliding nuclei [29]. A comparison of the long range
behavior of R2 and P2 correlators thus also yield sensitivity
to flow and nonflow contributions.

It is also worth noting that the integral of the P2 correlator
is sensitive to event-by-event fluctuations of the average pT of
particles, and by extension, to event-by-event fluctuations of
the system temperature, �T 2, a quantity of interest towards
the determination of the heat capacity of the medium [46]. Fi-
nally, also note that CD combinations of P2 and R2 correlators
(of US and LS pairs) should have, for the same reasons, much
additional sensitivity to the presence of charge balancing pairs
(i.e., pairs of negative and positive particles produced by
a common charge conserving process). Differences between
the P2 and R2 correlators are thus expected to exhibit good
sensitivity to the details of the particle production. Based on
the above discussion, one concludes that the correlators R2

and P2 together provide sensitivity to a broad range of A–A
collisions essential features, including the hadro-chemistry of
the collisions as well as transport properties of the medium.
As such, they provide useful tools to test the performance
of proton–proton and heavy-ion collision models. Authors
of this work have already reported on R2 and P2 correlation
functions obtained with PYTHIA [47,48] and HERWIG [49]
and found these two models qualitatively reproduce many of
the correlation features observed experimentally [45]. Inter-
estingly, however, they “predict” correlation functions that
quantitatively differ from one another. Measured R2 and P2

correlation functions thus provide new discriminant tools to
test the performance and adequacy of these models. Turning
our attention to heavy-ion collisions, it stands to reason that
the discriminant character of these correlators can also pro-
vide a tool to challenge the performance of heavy-ion models.
Specifically, given the three models considered in this work
simulate particle production using distinct approaches, it is of
interest to find out whether they can reproduce the strength,
width, and shape of near-side correlation peaks, the presence
of a �η extended away-side correlation ridge, as well as
the strong elliptic and triangular �ϕ modulations observed
experimentally in Pb–Pb collisions [28].

IV. MONTE CARLO MODELS

We compare and contrast the R2 and P2 ALICE measure-
ments in Pb–Pb collisions at

√
sNN = 2.76 TeV [28,29] with

calculations with most up to date versions of the AMPT,
UrQMD, and EPOS models. These latest versions feature
model parameters tuned to reproduce measured single-particle
spectra, relative yields, as well as flow parameters, in contrast
to earlier versions used before first results were reported by
LHC experiments [50]. Recent versions of the three models
have had considerable success in describing features of mea-
sured data at RHIC and the LHC but have also encountered
limitations [51].

The ultra-relativistic quantum molecular dynamics model
(UrQMD) [52] is a microscopic many-body transport model
initially designed to study hadron-hadron, hadron-nucleus
and heavy-ion collisions from ELab = 100 A MeV to

√
sNN =

200 GeV. It was enhanced to include an intermediate hydro-
dynamical stage (hybrid configuration) [33] to describe the
hot and dense medium produced in heavy-ion collisions at
top RHIC and LHC energies. UrQMD describes the early
stages of collisions in terms of partonic interactions and string
formation, whereas its hadronic transport component, which
describes the later stages of system evolution includes a full
spectrum of hadrons, including 55 baryon mass states (up to
2.25 GeV/c2) and 32 meson mass states and their respective
antiparticles. All isospin-projected states to elementary cross
sections are used to fit to available proton–proton, proton–
neutron or pion–proton data and the isospin symmetry is
used whenever possible to obtain a complete description of
scattering cross sections. UrQMD additionally uses additive
quark model assumptions to account for otherwise unknown
cross section such as those of hyperon-baryon resonance
scatterings. The model additionally guarantees that quan-
tum numbers are conserved globally event-by-event on the
Cooper-Frye hypersurface. The original and hybrid versions
of the model have proven successful in describing features of
datasets acquired at SPS, RHIC, and LHC energies [53,54],
including pT spectra, average pT values, as well anisotropic
flow coefficients. The model thus appear to successfully de-
scribe the underlying radial flow field of particles in the
final state. And, given the hadronic transport component of
the model includes a full complement of baryon and meson
resonances, one would expect it should adequately reproduce
contributions to R2 and P2 arising from resonance decays.
It is less clear, however, how earlier stages of the collisions
(partonic level) might manifest themselves in these correla-
tors. Comparison of R2 and P2 correlators computed with
UrQMD shall then provide a rather comprehensive assess-
ment of the development and evolution of partonic level
correlations and their manifestations in the hadronic final
state.

Our analysis is based on ∼340 K minimum bias events
generated with the hybrid configuration of UrQMD Version
3.4. The program was compiled with the LHC option. The
equation of state used during the hydrodynamical evolution
includes a crossover deconfinement phase transition. The par-
ticle distributions are generated according to the Cooper-Frye
prescription from the isoenergy density hypersurface, which
is constructed using the Cornelius hypersurface finder. A cell
size of 0.1 fm is used in the fluid description, that expands
over 2 units of rapidity. The transition time to hydrodynamics
is at 0.5 fm.
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AMPT [35] is a multiphase transport consisting of sev-
eral components of pre-existing codes such as the heavy ion
jet interaction generator (HIJING) for generating the initial
conditions, Zhang’s parton cascade (ZPC) for modeling par-
tonic scatterings, the Lund string fragmentation model or a
quark coalescence model for hadronization, and a relativis-
tic transport (ART) model for treating hadronic scatterings.
It has had relative success in reproducing several observ-
ables measured in heavy-ion collisions at both RHIC and
LHC energies, including single-particle transverse momen-
tum spectra of light particles [54,55] and the strength of
transverse anisotropy harmonics [35,56]. However, it has en-
countered mitigated success in the prediction of correlation
and fluctuation observables [51]. AMPT can be operated in
different modes (rescattering on/off, string-melting on/off)
but our analysis is here limited to rescattering-on (RON)
and string-melting-on events (SON) known to be more apt
at producing large resonance excitations and stronger radial
flow profiles. Given AMPT also includes a full complement
of hadronic resonances and reproduces transverse momentum
spectra and anisotropic coefficients rather well, one would
expect it should also be able to describe the long range behav-
ior of R2 and P2 correlators as well as their near-side peaks.
Comparison of correlation functions computed with AMPT
with ALICE data shall thus also provide an important test
of its ability to properly describe the underlying correlation
strengths and the details of the radial flow profile of produced
particles.

A total of ∼200 K RON/SON minimum bias events were
generated and used towards the production of the correla-
tion functions presented in this work. Note, however, that
the version ampt-v1.26t7-v2.26t7 used in this work is known
to violate charge conservation in specific cases. We thus do
not expect it should properly describe the detailed shape and
strength of CD correlators but it might nonetheless be suc-
cessful in describing the general features of CI correlation
functions as well as salient features of the CD correlation
functions.

The EPOS model implements a multiple scattering ap-
proach based on partons and Pomerons (parton ladders), with
special emphasis on high parton densities [36–38,57]. In its
latest version [58], EPOS3 also implements a prescription
to distinguish core and corona zones of particle production
within the colliding nuclei. The low-density region, i.e., the
corona, is treated using Regge theory to compute the particle
production, whereas the high-density region, known as the
core, is described with hydrodynamic equations of motion.
A Cooper-Frye prescription is used to implement the pro-
duction of hadrons by the core component. This core/corona
model has had considerable success in reproducing features
of pp and d–Au collisions. With the addition of this core
corona distinction, the model has also had good success in
reproducing the centrality evolution of resonance and strange
particle production in heavy-ion collision systems [58]. It
also reproduces anisotropic flow features reported by many
experiments. While the core component of the model does
not properly handle charge conservation on an event-by-event
basis and is thus not expected to reproduce features of CD
correlations, we seek to find out whether it can reproduce the

main features of CI correlation functions as well as the main
features of CD correlators.

A total of ∼320 K minimum-bias Pb–Pb EPOS3 events,
generated on the University of Texas Stampede supercom-
puter and requiring in excess of 100 000 CPU hours, were
processed in this analysis. Model parameters used for the
generation of events analyzed in this work are identical to
those used in Ref. [58] (UrQMD on). Herein, we refer to the
EPOS3 model as EPOS for the sake of simplicity.

While our selection of the UrQMD, AMPT, and EPOS
models for a comparative study with ALICE measurements
of the R2 and P2 correlators was in part driven by practical
considerations, it is important to recognize that they feature
representative and comprehensive efforts, by the theoretical
community, to model the many aspects and components of A–
A collisions. Features, success, and concerns of these models
are succinctly summarized in Table II. One notes that while
the models have some common features, they are also based,
broadly speaking, on rather different underlying approaches.
And yet, all three models have had considerable success in
the description of many observables reported at RHIC and
the LHC. It is thus clear that the set of observables used so
far to test the underlying physics of these models is not suffi-
ciently discriminating to falsify the models. One can wonder,
however, whether “new” observables such as R2 and P2 might
provide additional discriminating power to determine which
of the underlying model components are correct or essential
and which should be, perhaps, discarded unless they can be
tuned, in a near future, to reproduce the added constraints
provided by measurements of R2, P2 and other related correla-
tion functions. Given all three models are rather complex and
multistage components of heavy-ion collisions, it is somewhat
difficult, ab initio, to exactly identify how the contributions
of their different components shall determine the strength
and shape of the R2 and P2 correlators. Table II provides a
brief survey of the respective features of these models that
should influence the shape and form of the charge-dependent
and charge-independent R2 and P2 correlators. The sensitivity
of these correlators to specific physics processes has been
already summarized in Table I [59].

V. MODEL CALCULATIONS

The R2 and P2 correlators obtained in simulations of Pb–
Pb collisions at

√
sNN = 2.76 TeV, with UrQMD, AMPT,

and EPOS, are compared to ALICE measurements [28,29]
in Figs. 1–10 for three representative multiplicity classes
corresponding to 0–5% (most central collisions), 30–40%
(midcentral collisions), and 70–80% (peripheral collisions)
fractions of the interaction cross section. For the sake of
simplicity, and without sizable bias, the model events were
classified based on their impact parameter b following the
technique used in Ref. [60]. Unfortunately, it was not possi-
ble, with the resources available to these authors, to generate
model datasets of size comparable to those acquired experi-
mentally by the ALICE collaboration. Some of the simulated
correlators presented in this section, particularly the CD cor-
relators, thus suffer from limited statistics that somewhat
hinder comparisons with experimental data. Our discussion
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TABLE II. Summary of characteristics, successes, and concerns associated with the UrQMD, AMPT, and EPOS models and their potential
ability to properly model R2 and P2 correlators.

Models UrQMD AMPT EPOS

Main features Ideal hydro + hadronic
cascade

Microscopic transport model Soft (QGP or hydrolike) + hard
(QCD) component

Correlation expected Resonance decays +
hadronic phase

String fragmentation + Zhang
parton cascade and quark
coalescence

Hard process + afterburner

Anisotropic flow Fluid cell momentum
anisotropy + hadronic
afterburner

Escape mechanism + A
relativistic transport

Soft process + afterburner

Success Particle productions,
pseudorapidity
distribution, multiplicity
density spectra, flow,

Particle productions,
pseudorapidity distribution,
multiplicity density spectra,
flow, nuclear modification

Particle productions,
pseudorapidity distribution,
multiplicity density spectra,
flow, nuclear modification

Concerns Cooper-Frye could dilute
the correlations,

No medium interaction,
partial charge conservation

For Soft (core) part Cooper-Frye
could dilute the Correlations,
Only hard (corona) could
show charge correlations

thus mainly focuses on model calculations for R2 and P2 CI
correlation functions and R2 CD correlation functions.

The model calculations were carried out with event and
track selection criteria designed to mimic the data collected by
the ALICE collaboration. The analysis was performed on min-
imum bias events. Unidentified charged hadrons were selected
in the pseudorapidities range |η| < 1.0, the azimuth angle
range 0 � ϕ < 2π , and transverse momenta range 0.2 �
pT � 2.0 GeV/c. No other experimental filter were used in

the calculation of the correlators given the published ALICE
data were already corrected for particle losses (single-particle
detection efficiency) and given resolution smearing and con-
tamination from background processes were assessed to be
essentially negligible by the ALICE collaboration in their
measurements of the R2 and P2 correlators.

We begin with a discussion of unidentified LS and US
charged hadron correlators in Sec. V A. CI and CD correlation
functions are presented in Secs. V B and V C, respectively.
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FIG. 1. Correlators R(LS)
2 obtained with the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.
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FIG. 2. Correlators R(US)
2 obtained with the UrQMD, AMPT (SON/RON), and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.

We shall examine, in particular, whether the R2 and P2 cor-
relators obtained with the three models feature the azimuthal
modulations, near-side peak, and away-side ridge structures
observed in measured correlation functions reported by the
ALICE collaboration [28,29].

A. LS, US correlation functions

LS and US R2 correlators obtained with UrQMD, AMPT,
and EPOS are compared to ALICE measurements in Figs. 1
and 2, respectively.
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FIG. 3. Correlators R(CI)
2 obtained with the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.
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FIG. 4. Correlators P(CI)
2 obtained with the UrQMD, AMPT (SON/RON) and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.
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FIG. 5. Projections of R(CI)
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2 correlators of charged hadrons obtained with UrQMD, AMPT, and EPOS event generators compared
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√
sNN = 2.76 TeV shown in Figs. 3 and 4.

Scaling factors listed for R2 in the left panel apply to the three model calculations.
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FIG. 6. Projections of R(CI)
2 (top) and P(CI)

2 (bottom) correlators of charged hadrons in the range 0.2 < pT � 2.0 obtained with UrQMD,
AMPT and EPOS for Pb–Pb collisions at

√
sNN = 2.76 TeV. The �ϕ projections are calculated as averages of the two-dimensional correlations

in the ranges |�η| < 2. Scaling factors listed for R2 and P2 in the central panel apply to the three model calculations.

The measured LS and US R2(�η,�ϕ) exhibit similar
features and evolution with collision centrality. Both corre-
lators feature a somewhat narrow near-side peak, i.e., a peak
centered at (�η,�ϕ) = (0, 0), in peripheral collisions (70–
80%). The amplitude of this peak decreases while a strong
�ϕ modulation, associated with anisotropic flow, emerges in
more central collisions. A near-side peak with small amplitude
remains in US correlations measured in most central collisions
while a small depression replaces it in LS correlations. One
also notes that both LS and US correlators feature a bowed
dependence on �η on the away-side, i.e., for �ϕ ∼ π . At first
glance, it is remarkable to observe that the UrQMD, AMPT,
and EPOS models qualitatively reproduce the strength and
salient components of the measured correlation functions, par-
ticularly in the 0–5% and 30–40% centrality ranges. We find,
indeed, that the models capture several of the features seen
in the data, including the observed diminishing correlation
strength observed with collision centrality. That alone, in fact,
constitutes a great measure of success for the models. Some
puzzling differences are however observed, which we proceed
to discuss. For instance, all three models produce a near-side
peak in LS and US correlators but have varying successes
in reproducing the centrality evolution of its amplitude and
shape in more central collisions. In particular, the UrQMD
model, additionally, yields an extraneous �ϕ ridge at �η = 0
in the three centrality ranges considered. The three models
qualitatively reproduce the presence of �ϕ modulations and
feature some collision centrality dependence but they do not
strictly match the trend observed in the data.

They also produce correlation strengths that are a factor
of 3 to 5 too large in peripheral collisions. Additionally, one

observes that the three models qualitatively reproduce the
presence of the dip at (�η,�ϕ) = (0, 0) in central collisions
in LS correlations but also introduce it in US correlations.
Interestingly, AMPT and EPOS yield such a dip at all central-
ities for LS pairs. The weak strength of the near-side peak,
relative to the away-side correlation amplitude, seen in LS
and US correlations measured in peripheral collisions, is an
indicator that neither of these models entirely capture the
detailed dynamics of particle production in A–A collisions.

B. Charge-independent correlation functions

The CI correlators constitute inclusive signatures of the
particle production dynamics and the evolution of the collision
system formed in Pb–Pb interactions. As averages of the US
and LS distributions, they combine many of the characteristics
of these correlation functions. Calculations of the R2 and P2

CI correlators with the UrQMD, AMPT, and EPOS models for
Pb–Pb collisions at

√
sNN = 2.76 TeV are compared to ALICE

measurements [28,29] in Figs. 3 and 4. Selected projections of
these correlators onto �η are shown in Fig. 5, while projec-
tions onto �ϕ are displayed in Fig. 6.

As for the more detailed US and LS correlators, one
finds that the model calculations capture the decrease in
correlation magnitude of R(CI)

2 observed experimentally for
increasing event multiplicity (from 70–80% to 0–5% collision
centrality). As already pointed out above, UrQMD adds an
unobserved ridgelike structure versus �ϕ at �η = 0.0 that
contributes considerably to the differences with respect to the
data. This ridgelike structure may be related to the shape of the
charged particle pseudorapidity density close to midrapidity
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FIG. 7. Fourier decompositions of projections of the R(CI)
2 (top) and P(CI)

2 (bottom) correlators of charged hadrons in the range 0.2 < pT �
2.0 obtained in 5% most central collisions simulated with UrQMD, AMPT and EPOS and 5% most central collisions measured by the ALICE
collaboration. Solid lines: Fourier decomposition fits calculated to the 6th order; dash lines: n = 2, 3, and 4 components obtained in the fits.
The ALICE collaboration did not report �ϕ projections for R(CI)

2 [28]. Plotted is the �ϕ dependence of the n = 2, 3, and 4 Fourier components
estimated from published values of the flow coefficients v2, v3, and v4 [29].
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FIG. 9. Correlators R(CD)
2 produced with the UrQMD, AMPT (SON/RON), and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.

observed with UrQMD in its hybrid mode within the trans-
verse momentum range used in this analysis. One also finds
that AMPT and EPOS qualitatively reproduce the emergence
of strong �ϕ modulations in mid- to central-collisions but

neither of these models reproduce the correct correlation
strength, the bowed dependence on �η at �ϕ = π , or the
shape of the near-side peak in most-peripheral collisions. Ad-
ditionally note that the models produce a relative away-side

1−
0

1ηΔ
0 2 4

ϕΔ

0

0.01

0.02

0.03

10×

 (
C

D
)

2
P

UrQMD
(d) 0-5%

1−
0

1ηΔ
0 2 4

ϕΔ

0.05−

0

0.05

0.1

3−10×

 (
C

D
)

2
P

(e) 30-40%

1−
0

1ηΔ
0 2 4

ϕΔ

0.5−

0

0.5

3−10×

 (
C

D
)

2
P

(f) 70-80%
×

1−
0

1ηΔ
0

2 4

ϕΔ

0.02−

0

0.02

10×

 (
C

D
)

2
P

AMPT
(g) 0-5%

1−
0

1ηΔ
0

2 4

ϕΔ

0.05−

0

0.05

0.1

3−10×

 (
C

D
)

2
P

(h) 30-40%

1−
0

1ηΔ
0

2 4

ϕΔ

0.0005−

0

0.0005

0.001

 (
C

D
)

2
P

(i) 70-80%

)

)

1−
0

1ηΔ
0 2 4

ϕΔ

0.04−

0.02−

0

0.02
10×

 (
C

D
)

2
P

EPOS
(j) 0-5%

1−
0

1ηΔ
0 2 4

ϕΔ

0.1−

0.05−

0

0.05

3−10×

 (
C

D
)

2
P

(k) 30-40%

1−
0

1ηΔ
0 2 4

ϕΔ

0.0005−

0

0.0005

0.001

 (
C

D
)

2
P

(l) 70-80%

ηΔ
1−

0
1

 (rad)ϕΔ
0 2 4

(C
D

)
2

P

0.00005−
0

0.00005

0.0001

0.00015

 = 2.76 TeVsALICE, Pb-Pb 
 c < 2.0 GeV/0.2 < p (b) 0-5%

ηΔ
1−

0
1

 (rad)ϕΔ
0 2 4

(C
D

)
2

P

0.0004−

0.0002−

0

0.0002

0.0004

 
 (d) 30-40%

ηΔ
1−

0
1

 (rad)ϕΔ
0 2 4

(C
D

)
2

P

0.001−
0

0.001

0.002

0.003

 
 (f) 70-80%

(b)

)

(f)

FIG. 10. Correlators P(CD)
2 produced with the UrQMD, AMPT (SON/RON), and EPOS models compared to correlators measured by the

ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV for three representative collision centrality ranges. Correlators are based
on charged hadrons in the range 0.2 < pT � 2.0 GeV/c. See text for details.
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strength that exceeds that observed in the data. Finally, and
as seen in Fig. 5, the three models do not properly repro-
duce the pseudorapidity dependence of the measured R(CI)

2
correlators.

Comparison of the model calculations for P(CI)
2 are also

rather interesting. One finds that EPOS qualitatively repro-
duces the narrowness of the near-side peak of P(CI)

2 relative
to that observed in R(CI)

2 , as well as the strong �ϕ modu-
lations measured in 30–40% and 0–5%. It also qualitatively
replicates the observed dip measured at (�η,�ϕ) = (0, 0)
in most central collisions. The computed shape of the away-
side is however somewhat incompatible with that observed
in the data, possibly owing to a mismatch of the harmonic
flow coefficient dependence on �η. We study this question
in more detail later in this section. Switching the focus to
AMPT’s calculations, one finds that this model also qualita-
tively reproduces the relative narrowness of the near-side of
P(CI)

2 compared to that of R(CI)
2 . It also qualitatively reproduces

the presence of strong �ϕ harmonics. However, AMPT yields
a very steep dependence on �η on the away-side of P(CI)

2 , in
most central collisions, which is in clear disagreement with
the measured data. Note that the UrQMD model produces
such a steep dependence on �η at all collision centralities
which relativizes the strong �ϕ modulations observed in mid-
to central-collisions. Moreover, UrQMD shows similar ampli-
tudes on the away and near side at all centralities, that are not
observed experimentally.

Let us further examine the model calculations for the R(CI)
2

and P(CI)
2 correlators shown and compared to ALICE data in

Figs. 3 and 4, respectively. Both the measured R(CI)
2 and P(CI)

2
correlation functions exhibit a �ϕ modulation that extends
across the full �η range of the ALICE TPC acceptance.
We thus focus the discussion on this modulation by plotting
projections of the calculated correlators onto the �ϕ axis
in Fig. 6. First considering the R(CI)

2 projections, one finds
that the three models produce average correlation strengths
and �ϕ modulations that evolve with collision centrality,
but produce average magnitudes and modulation amplitudes
that appear to be mutually distinct and in quantitative dis-
agreement with the measured data. We elaborate on this
point by performing a Fourier decomposition, F (�ϕ) = a0 +
2

∑6
n=1 an cos(n�ϕ), of the computed correlation functions.

The functions F (�ϕ) obtained from the fits, and the four
lower order components, are shown for both correlators and
the three models in Fig. 7, along with results of similar fits
carried out on published ALICE data [61]. The magnitude of
the vn = √

an coefficients obtained from the fits are shown as
a function of collision centrality in Fig. 8. We find the AMPT
calculations for v2(R(CI)

2 ) have a magnitude between those of
v2{2} and v2{4} reported by the ALICE collaboration [15],
in qualitative agreement with the magnitude of v2 expected
when flow fluctuations and nonflow effects are suppressed.
We find that AMPT also produces v3{2} and v4{4} coefficient
magnitudes in very good agreement to values reported by the
ALICE collaboration. In contrast, EPOS tend to systemati-
cally overestimate all of the measured coefficients, whereas
UrQMD somewhat overestimates the v2 and v3 coeffients but
reproduces the v4 coefficients rather well. Note however that

the magnitude vn coefficients computed with hydrodynamics
models is quite sensitive to the magnitude of the viscosity
used in the calculations. The UrQMD calculation presented
is based on hydrodynamics. It is thus expected that inclusion
of finite viscosities in the UrQMD calculations could reduce
differences with the observed data.

The measured �ϕ modulation of the P(CI)
2 correlation

function and its dependence on collision centrality is also of
particular interest. One finds, as shown in Fig. 4, that the P(CI)

2
correlator measured in most central Pb–Pb collisions exhibits
an away-side double ridge or hump structure that extends
across the full �η acceptance. This implies the presence of
a very strong v3(P(CI)

2 ) component relative to the n = 2 com-
ponent in that collision centrality bin. This and the observed
evolution of the Fourier decompositions of the P(CI)

2 correla-
tor, compared to expectations based on a simple flow ansatz,
in fact, lend further support to the notion that the observed
�η correlations are evidence for collective anisotropic flow
relative to the collision reaction plane [29]. It is interesting
to note, however, that the three models produce a fairly flat
away side versus �ϕ, even a small dip at �ϕ = π , in most
central collisions in Fig. 7. Remarkably, the depth of the dip
obtained with UrQMD is the strongest although this model
produces a rather poor �η dependence representation of the
two-particle correlation data. It is indeed not the presence of
the dip that constitute evidence for collectivity but its near
invariance with �η and the quantitative agreement between
the observed magnitude of that (v3) harmonic component in
P(CI)

2 relative to the flow ansatz. Such (away) �η invariance
of the �ϕ modulation is qualitatively reproduced by both the
AMPT and EPOS models but these models require further
tuning to perfectly match the R(CI)

2 and P(CI)
2 correlation func-

tions reported by the ALICE collaboration.

C. Charge-dependent correlation functions

Figures 9 and 10 present comparisons of UrQMD, AMPT,
and EPOS calculations with ALICE measurements of the
R(CD)

2 and P(CD)
2 correlators, respectively. Projections of the

R(CD)
2 correlators onto �η are shown in Fig. 11. The calculated

P(CD)
2 model correlators shown in Fig. 10 have small ampli-

tudes and rather limited statistical accuracy. Their projections
are thus of limited interest and are not shown in this paper. We
first remark that all three models qualitatively reproduce the
presence of the prominent near-side peak of the R(CD)

2 correla-
tor. Note, however, that the broad dip centered at (�η,�ϕ) =
(0, 0) observed in data is largely associated with Hanbury
Brown–Twist (HBT) correlations and is thus not expected to
be reproduced by the model simulations discussed in this work
given they do not feature an HBT afterburner. All three models
also produce an away-side tail in most peripheral collisions.
This tail is largely caused by the decay of resonances. For
instance, decays of low-pT ρ0-mesons yield nearly back-to-
back pions with small �η pair separation. The models also
qualitatively reproduce the progressive suppression of this
tail in more central collisions owing to an increase of the
produced parent particles average transverse momentum 〈pT〉.
However, the models produce near-side peak amplitudes and
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FIG. 11. Projections of R(CD)
2 correlators of charged hadrons obtained with UrQMD, AMPT and EPOS event generators compared to

projections of the correlators measured by the ALICE collaboration [28] in Pb–Pb collisions at
√

sNN = 2.76 TeV shown in Figs. 9 and 10.
Scaling factors listed in the left panel apply to the three model calculations.

collision centrality evolution that are somewhat inconsistent
with those observed experimentally. As shown in Fig. 12, they
also poorly reproduce the magnitude and collision centrality
evolution of the longitudinal root-mean square (rms) width
of the near-side peak of the R(CD)

2 correlator. The measured
rms widths (black squares) exhibit a distinct narrowing, ap-
proximately 30%, with increasing collision centrality whereas
AMPT and UrQMD produce peak rms widths that are in-
dependent, within statistical uncertainties, of the collision
centrality. The rms σ�η is calculated according to σ 2

�η =∑
i[R

(CD)
2 (�ηi ) − P]�ηi, where the sum is taken across all

�ηi bins and P represents the correlation pedestal (minimum)
evaluated at |�η| = 2. EPOS produces a narrowing of the
near-side peak but the widths it produces are too narrow by
approximately 30%. The excessive narrowness of the peak
likely results from the dominance of corona particles in this
EPOS calculation of R(CD)

2 . Indeed, the fact that the core com-
ponent likely underestimate the correlator strength given it

0 20 40 60 80

Centrality(%)

0.4

0.6

0.8

)
(C

D
)

2
(R ηΔσ

UrQMD
AMPT

EPOS
ALICE

FIG. 12. Longitudinal root-mean square (rms) width (σ�η) of the
near-side peak of R(CD)

2 correlators (shown in Fig. 9) plotted as a
function of collision centrality. Widths computed with based on the
correlators computed with UrQMD, AMPT, and EPOS are compared
to rms values reported by the ALICE collaboration [28].

does not fully implement event-by-event charge conservation
implies the correlator is dominated by corona particles. Given
the average radial flow imparted to corona particles is much
larger than the average (core), one then observes an excessive
kinematic narrowing of the near-side peak. In the case of
UrQMD, the weak amplitude of the near-side peak may be in
part due to an insufficient number of “high-mass” resonances.
The weakness of the peak observed in AMPT and EPOS
calculations, however, is most likely due to their incomplete
handling of charge-conservation.

Shifting our attention to the P(CD)
2 correlator calculations

shown in Fig. 10, we first note that the model calculations and
ALICE data are considerably challenged by the rather weak
magnitude of the 〈�pT�pT〉 correlator. We note, nonetheless,
that UrQMD and AMPT both produce a narrow near-side
peak in central collision, albeit with too weak an amplitude
relative to the near-side peak observed in the data. By con-
trast, EPOS produces a narrow valley in lieu of a peak. A
negative value of the 〈�pT�pT〉 correlator is indicative of the
dominance of correlation between low and high-pT particles
(i.e., one particle below and one particle above the mean 〈pT〉.
By contrast, the ALICE data feature a positive 〈�pT�pT〉
correlator, which indicates that correlations are dominated
by correlation of particle pairs involving particles that are
both below or above 〈pT〉. Clearly, all three models require
considerable tuning before they can reproduce R(CD)

2 and P(CD)
2

correlators reported by the ALICE collaboration.

VI. SUMMARY

We presented comparisons of calculations with the
UrQMD, AMPT, and EPOS models of two-particle differ-
ential number correlators, R2, and transverse momentum
correlators, P2, with data recently reported by the ALICE col-
laboration. We find that while these models can approximately
reproduce the evolution of the strength of these correlators
they cannot satisfactorily reproduce the detailed shape and
features of the measured LS, US, CI, and CD correlation
functions, and their collision centrality evolution. UrQMD is
arguably challenged the most given it is unable to reproduce

064902-13



SUMIT BASU et al. PHYSICAL REVIEW C 104, 064902 (2021)

the strong �ϕ modulation and the nearly �η invariant corre-
lation strength observed with the R(CI)

2 and P(CI)
2 correlators. It

also underestimates the magnitude of the near-side peak of the
measured R(CD)

2 and P(CD)
2 correlators. AMPT produces a qual-

itatively better description of the data given that it produces
sizable flowlike modulations in R(CI)

2 and P(CI)
2 . However, it

also underestimates the magnitude of the near-side peak of
R(CD)

2 and P(CD)
2 correlators, as a result most likely of improper

handling of charge conservation. EPOS produces a relatively
good match to the data: It qualitatively reproduces the shape,
strength, and collision centrality evolution of the R(CI)

2 and
P(CI)

2 correlators. It also produces a sizable near-side peak in
R(CD)

2 . However, irrespective of the fact that it does not feature
an HBT afterburner, it is unable to reproduce the magnitude of
this correlator’s near-side and its narrowing from peripheral to
central collisions. Oddly, it also produces a sizable correlation
dip centered at (�η,�ϕ) = (0, 0) in P(CD)

2 for 0–5% most
central collisions, in drastic contrast to the peak observed
experimentally. Given the structure of the P2 correlator, this
suggests that EPOS overemphasizes correlations between low
pT (i.e., pT < 〈pT〉) and high pT (i.e., pT > 〈pT〉) particle
pairs. It is noteworthy that through its corona component,
EPOS is able to reproduce a sizable fraction of the observed
near-side peak of R(CD)

2 , although its core component is not
expected to yield a significant charge-dependent correlation
strength given the Cooper-Frye mechanism used in EPOS for
hadronization of the hydrodynamics core does not necessarily
conserve charge locally on an event-by-event basis.

The AMPT and EPOS models have had great successes
in reproducing single-particle pT spectra, ratios of particle
abundances and their collision centrality evolution, as well as
the magnitude of measured flow coefficients. In this study, we
find that the �ϕ modulations produced by AMPT best match
the measured coefficients, while EPOS tend to slightly over-
estimate their magnitude. As such, it is clear that both models
capture much of the production and transport dynamics in
Pb–Pb collisions at LHC. Yet, they do not properly repro-
duce the key features of the measured R(CI,CD)

2 and P(CI,CD)
2

correlators. This most likely stems from a poor handling, on
an event-by-event basis, of charge, strangeness, and baryon
number conservation. This is rather unfortunate given that
measurements of CD correlations, or equivalently measure-
ments of balance functions, potentially have the capacity to
inform us about the production time of up, down, and strange
quarks in AA collisions. Are there two stages of quark pro-
duction as postulated in Ref. [23]? Does baryon production
and conservation [62] play a role during the early stages of
collision systems evolution, or is the production of baryon an-

tibaryon pairs solely a stochastic process taking place during
the hadronization stage of the QGP?

We have shown that the R(CI,CD)
2 and P(CI,CD)

2 correlators
are quite sensitive to the details particle production dynam-
ics and more specifically model implementations of charge,
strange and baryon conservation. Given CI, CD correlators,
and balance functions are in principle sensitive to the viscosity
and the diffusivity of the matter produced in A–A collisions
[41], further development of theoretical models is required
to account for charge, strange, and baryon conservation so
that observables such as those discussed in this paper can
be used to further our understanding of the properties of
the matter produced in A–A collisions and most particularly
the QGP. We stress that inclusion of local quantum number
conservation in a modified Cooper-Frye formula, in particular,
would enable considerable advances in the interpretation of
published ALICE results [28,29] while techniques to properly
implement charged, strange, and baryon currents ab initio in
hydrodynamics are fully developed.

In closing, we note that significant advances are being
made towards the implementation of local quantum number
conservation based on Metropolis sampling developed toward
the particlization of fluid cells in hydrodynamic simulation
of the evolution of A–A collisions [63–65]. As these meth-
ods locally preserves the conservation of energy, momentum,
baryon number, strangeness, and electric charge microcanon-
ically, they should enable significant advances in studies
of two- and multiple-particle differential correlators. Future
studies shall thus examine the impact of the deployment of
these and similar methods on integral and differential correla-
tion functions [66,67].
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