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Abstract Differential two-particle normalized cumulants
(R2) and transverse momentum correlations (P2) are mea-
sured as a function of the relative pseudorapidity and
azimuthal angle difference (�η,�ϕ) of charged particle
pairs in minimum bias pp collisions at

√
s= 13 TeV. The mea-

surements use charged hadrons in the pseudorapidity region
of |η| < 0.8 and the transverse momentum range 0.2 < pT <

2.0 GeV/c in order to focus on soft multiparticle interactions
and to complement prior measurements of these correlation
functions in p–Pb and Pb–Pb collisions. The correlation func-
tions are reported for both unlike-sign and like-sign pairs
and their charge-independent and charge-dependent combi-
nations. Both the R2 and P2 measured in pp collisions exhibit
features qualitatively similar to those observed in p–Pb and
Pb–Pb collisions. The �η and �ϕ root mean square widths
of the near-side peak of the correlation functions are evalu-
ated and compared with those observed in p–Pb and Pb–Pb
collisions and show smooth evolution with the multiplicity
of charged particles produced in the collision. The compar-
ison of the measured correlation functions with predictions
from PYTHIA8 shows that this model qualitatively captures
their basic structure and characteristics but feature impor-
tant differences. In addition, the RCD

2 is used to determine
the charge balance function of hadrons produced within the
detector acceptance of the measurements. The integral of
the balance function is found to be compatible with those
reported by a previous measurement in Pb–Pb collisions.

1 Introduction

Understanding the mechanisms involved in the production
of particles in collisions of heavy nuclei and their subse-
quent interactions in the medium created in the collision is an
important aspect of the physics programs of the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider
(LHC). Measurements carried out in the last two decades
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indicate that a new form of matter, consisting of deconfined
quarks and gluons and known as quark–gluon plasma (QGP),
is produced in collisions of large nuclei (e.g., Au and Pb) at
the very high energies available at these facilities. Evidence
for this new form of matter arises in part from measurements
of nuclear modification factors which indicate that the matter
produced in these collisions is rather opaque to the propaga-
tion of high momentum partons [1–12]. Also, observations of
collective behavior suggest that the matter formed is strongly
interacting and features a nearly vanishing specific shear vis-
cosity [13–24].

Recently, there has been great interest in investigating
whether such opaque matter can be produced in small col-
lision systems, such as pp and p–Pb collisions. There are
a variety of techniques used for such investigations, which
include attempts to identify jet quenching relative to the sys-
tem geometry and efforts to identify collective flow based
on multiparticle correlations [25,26]. In parallel with these
investigations, it is also of interest to determine how the par-
ticle production evolves from small to large collision sys-
tems [27]. Transverse momentum spectra of produced parti-
cles are evidently a prime source of such information. How-
ever, it is also found that measurements of differential particle
correlations bring additional information for the understand-
ing of the production of hadrons and their interactions in
small and large collision systems. Among these, measure-
ments of number (R2) and transverse momentum (P2) two-
particle correlation functions have been already explored in
p–A and A–A collisions [28–30]. Furthermore, the measured
balance function in pp, p–A, and A–A collisions as a func-
tion of multiplicity presents considerable challenges to the
leading models used in heavy-ion physics [30]. It is thus of
interest to find out whether measurements of these correlation
functions in pp collisions can similarly challenge the leading
models used towards the description of particle production
in small systems.

Recent measurements of R2 and P2 have played an impor-
tant role in independent verification of the collective nature of
azimuthal correlations observed in Pb−Pb collisions [31,32].
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Both the R2 and P2 correlation functions are indeed sensi-
tive to the presence of collectivity and may contribute to fur-
ther elucidation of this phenomenon in small systems relative
to that observed in larger systems [27,33]. Moreover, prior
measurements have also revealed distinct differences in the
dependence on �η (≡ η1 − η2) and �ϕ (≡ ϕ1 −ϕ2), where
η and ϕ are pseudorapidity and azimuthal angle of particles 1
and 2, for R2 and P2 correlation functions. The findings indi-
cate that the near-side peak of both charge-independent (CI)
and charge-dependent (CD) correlations in P2 is notably nar-
rower than in R2, regardless of the centrality (collision impact
parameter) [34] of Pb−Pb collisions [28]. This further sup-
ports the idea put forth in Ref. [35] that a comparative anal-
ysis of R2 and P2 correlation functions can offer increased
sensitivity to the underlying mechanisms governing particle
production in small as well as large collision systems.

The new measurements reported in this work are also
designed to enable a better understanding of particle produc-
tion processes underpinning the underlying event of pp col-
lisions, and more specifically the particle production mech-
anisms involved in soft multiparticle production and the low
transverse momentum components of jets [36]. Measure-
ments in pp are also of interest to study the evolution of
these correlation functions with the system size and their
compatibility among the different collision systems at simi-
lar charged particle multiplicities. Thus, one of the main goals
of this work is to provide additional information about the
shape and magnitude of the correlation functions in the small-
est hadronic collision systems. Consequently, this study is an
important extension of recent measurements of these corre-
lation functions in p–Pb and Pb–Pb collisions by the ALICE
Collaboration [28]. The results involve measurements of the
R2 and P2 correlation functions, and their characteristics,
for CI and CD combinations of charged particles. These are
compared with PYTHIA8 predictions to verify whether this
model is capable of providing a reasonable description of
correlated particle production in small collision systems. Fur-
thermore, inclusive charge balance function in pp collisions
was measured. Charge balance functions have been exploited
primarily in collisions of heavy nuclei to identify the presence
of an extended period of isentropic expansion in these sys-
tems [30,37], but recent theoretical works also indicate that
they enable the estimation of the diffusivity of light quarks
and may also serve in the determination of QGP susceptibil-
ities [38,39].

This paper presents a comparative analysis of R2 and P2

correlation functions measured in pp collisions at a center-
of-mass energy

√
s = 13 TeV. As in prior analyses of p–Pb

and Pb–Pb collisions [28,31], the two correlation functions
are first measured for like-sign (LS) and unlike-sign (US)
charged particle pairs. These are then combined to CI and
CD correlation functions, as described in Sect 2. These cor-
relations are characterized by their azimuthal and longitudi-

nal widths and compared with characteristics of R2 and P2

correlation functions measured in larger collision systems.
The article is organized as follows. The correlation func-

tions, R2 and P2, and their LS, US, CI, and CD components
are defined in Sect 2. Section 3 presents a summary of the
data taking conditions as well as the various technical details
of the analysis, including event and track selection criteria,
efficiency correction, quality tests, etc. The basic configura-
tion of the Monte Carlo (MC) model used for quality control
and towards the interpretation of the measured data is briefly
described in Sect 4. Section 5 presents a discussion of the
techniques used for the estimation of the statistical and sys-
tematic uncertainties. The experimental results are presented
in Sect 6 where they are compared with PYTHIA8 predic-
tions. A summary is provided in Sect 7.

2 Definitions of observables

Particle number and transverse momentum correlations are
reported based on R2 and P2 [35,36] defined in terms of
single- (ρ1) and two-particle (ρ2) densities

ρ1(ηj, ϕj) = d2N

dηjdϕj
, (1)

ρ2(η1, ϕ1, η2, ϕ2) = d4N

dη1dϕ1dη2dϕ2
, (2)

where η j , ϕ j ( j = 1, 2) are the pseudorapidities and
azimuthal angles of particles 1 and 2, respectively.

The number correlation function, R2, is formulated as a
two-particle cumulant normalized by the product of single-
particle densities according to

R2(η1, ϕ1, η2, ϕ2) = ρ2(η1, ϕ1, η2, ϕ2)

ρ1(η1, ϕ1)ρ1(η2, ϕ2)
− 1, (3)

whereas the dimensionless transverse momentum correlation
function, P2, is defined as the ratio between 〈�pT�pT〉 and
the square of the mean transverse momentum, 〈pT〉. This can
be expressed as follows

P2(η1, ϕ1, η2, ϕ2) = 〈�pT�pT〉(η1, ϕ1, η2, ϕ2)

〈pT〉2 . (4)

The 〈�pT�pT〉 differential correlation function is defined as

〈�pT�pT〉(η1, ϕ1, η2, ϕ2)

=
∫ pT,max
pT,min

�pT,1�pT,2 ρ′
2(p1,p2) dpT,1dpT,2

∫ pT,max
pT,min

ρ′
2(p1,p2) dpT,1dpT,2

, (5)

in which ρ′
2(p1,p2) is analogous for ρ2, but is expressed as a

function of the momenta p1 and p2 of the particles constitut-
ing the pair instead of their η and ϕ. Here, pT,min and pT,max

specify the transverse momentum range of the measurement.
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The quantities �pT,i = pT,i −〈pT〉, where i = 1, 2, are devi-
ations from the average transverse momentum calculated as
follows

〈pT〉 =
∫ pT,max

pT,min

ρ1pTdpT/

∫ pT,max

pT,min

ρ1dpT. (6)

By construction, both R2 and P2 are robust observables
to first order. Their magnitude remains insensitive to particle
losses (i.e., detection inefficiencies) provided that these inef-
ficiencies exhibit only modest dependence on kinematic vari-
ables, assuming the efficiency is uniform across the pT accep-
tance of the measurement. Furthermore, both observables are
dimensionless and their magnitude can be used as reliable
measure of the degree of correlation between the produced
particles. However, P2 explicitly incorporates deviations of
particle momenta to the mean and is therefore sensitive to the
“hardness” of the correlations. This means it can distinguish
whether correlated particle pairs involve soft–soft or hard–
hard interactions, i.e., both particles below 〈pT〉 or both above
〈pT〉. It can also identify soft–hard pairs, where one particle
has a pT below the mean and the other above. Additionally, it
is important to note that the relative magnitudes of contribu-
tions from soft–soft, hard–hard, and soft–hard combinations
may change as a function of the (�η,�ϕ) pair separation.
One expects, for instance, that particle correlations within
jets should yield a preponderance of hard–hard correlations
near the core (thrust axis) of a jet. However, soft–hard dom-
inance is expected for pairs involving one particle near the
thrust axis and one emitted at a large angle relative to that
axis. This implies that P2 features an added sensitivity to the
angular ordering of particle production in jets as well as in
resonance decays [36]. The scaling properties of R2 and P2

with system size have been described in Ref. [35].
In this work, the correlation functions R2 and P2 are

reported as functions of�η and�ϕ by averaging their magni-
tude across the pair average pseudorapidity η̄ ≡ 1

2 (η1 + η2)

and average azimuthal angle ϕ̄ ≡ 1
2 (ϕ1 + ϕ2) acceptance,

according to

O(�η,�ϕ) = 1

�(�η)

∫

�

O(�η, η̄,�ϕ, ϕ̄)dη̄dϕ̄. (7)

Here, O(�η,�ϕ) is either R2(�η,�ϕ) or P2(�η,�ϕ). The
variable �(�η), which depends solely on the �η, represents
the width of the acceptance in η̄ at a given value of �η and
�ϕ [40]. Furthermore, R2 and P2 are determined for �ϕ

modulo 2π and shifted by −π/2 for convenience of repre-
sentation in the figures.

The measured densities ρ1 and ρ2 are directly impacted by
detection inefficiencies. Given that these differ for positively
and negatively charged particles at given values of η and ϕ,
benefiting from the robustness of R2 and P2 correlation func-
tions requires these to be measured independently for pairs of
(+,+), (−,−), (−+), and (+,−) charged particles. Corre-

lation functions for (+−) and (−+)pairs are then averaged to
yield US correlation functions, OUS ≡ 1

2 [O+−+O−+], and
correlation functions of pairs (++) and (−−) are averaged
to yield LS correlation functions, OLS ≡ 1

2 [O−− + O++].
In turn, OUS and OLS correlation functions are combined
into CI and CD correlation functions according to

OCI = 1

2

[
OUS + OLS

]
, (8)

OCD = 1

2

[
OUS − OLS

]
. (9)

The CI functions measure the average of correlations
between all charged particles, whereas the CD observables
are sensitive to the difference of US and LS pairs and are thus
largely driven by charge conservation effects.

The width σ� of the near-side peak of R2 and P2 correla-
tion functions of CI and CD pair combinations is calculated
along the �η and �ϕ axes with the procedure already used
in prior ALICE studies [28]

σ� =
(∑

i [O(�i ) − T ]�2
i∑

i [O(�i ) − T ]

)1/2

, (10)

where i iterates over the bins, and T is an offset or thresh-
old value. Offsets are considered to prevent width values that
are determined simply by the detector acceptance. In order to
calculate the width along �ϕ, offsets are estimated by aver-
aging three narrow �ϕ intervals near the minimum of the �ϕ

distribution. On the other hand, while evaluating the width
along �η, offsets are determined close to the edge of the
acceptance, approximately at �η ≈ 1.6. Since the correla-
tion vanishes for large |�η| values in the case of RCD

2 , a null
offset is used, which results in the exclusion of contributions
from the unobserved part beyond the acceptance [28].

The balance function (B) [41] of charged particles is also
measured in minimum bias pp collisions. It is computed
according to

B (�η,�ϕ) ≡
〈d2Nch

dηdϕ

〉
× RCD

2 (�η,�ϕ) , (11)

which applies when densities (yields) of positively and neg-
atively charged particles are approximately equal [42,43]. In
addition, the integral of the charge balance function, IB, is
calculated according to

IB =
∫ dηmax

dηmin

∫ dϕmax

dϕmin

∫ dpT,max

dpT,min

B(�η,�ϕ)dηdϕdpT. (12)

The integral of B in pp collisions is compared with previ-
ously published results in Pb−Pb collisions [44]. This com-
parative study provides insights into how the charges are
balanced and produced in both pp and Pb−Pb collisions.
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3 Datasets and experimental method

Results reported in this work are based on an analysis of
4.4 × 108 minimum bias (MB) pp collisions at

√
s = 13 TeV

collected by the ALICE detector during the Run 2 data tak-
ing campaign in 2018. The MB trigger selects collisions with
at least one hit in both the V0A and V0C detectors, which
are scintillator arrays covering the pseudorapidity ranges 2.8
< η < 5.1 and −3.7 < η < −1.7, respectively. Moreover,
to minimize instrumental effects and maintain approximately
uniform acceptance and efficiency as a function of pseudo-
rapidity, only events having a reconstructed primary vertex
(PV) within ±8 cm from the nominal center of the ALICE
detector along the beam direction are considered in the anal-
ysis. Pile-up events involving multiple reconstructed vertices
are rejected using offline algorithms [45]. Charged particle
tracks included in this analysis were reconstructed using the
inner tracking system (ITS) and the time projection chamber
(TPC) detectors. The design and performance of the V0, ITS,
and TPC detectors are reported in Refs. [46–48].

The analysis is limited to charged-particle tracks recon-
structed within the pseudorapidity range |η| < 0.8 and the
transverse momentum interval 0.2 < pT < 2.0 GeV/c to
emphasize particle production governed by non-perturbative
soft quantum chromodynamics (QCD) processes. The analy-
sis includes selection criteria to suppress secondary charged
particles (i.e., particles originating from weak decays, γ -
conversions, and secondary hadronic interactions in the
detector material) and fake tracks (random associations of
space points). The used track parameters are obtained by the
Kalman filter at the collision primary vertex. Tracks of par-
ticles originating from weak decays of K0

S and �0 and other
secondaries are suppressed based on a pT-dependent selec-
tion on the distance of closest approach (DCA) of charged
particle trajectories to the PV [49]. Electrons and positrons
are rejected based on their specific energy loss (dE /dx) mea-
sured within the TPC. Good track quality is assured by retain-
ing only tracks with more than 70 reconstructed TPC space
points, out of a maximum of 159 and a momentum fit with
a χ2-value per degree of freedom less than 2.0. In order to
increase the track quality and further suppress tracks pro-
duced in pile-up of collisions occurring within the long TPC
readout time, the selected tracks are required to have a com-
bined refit in both the ITS and the TPC and at least one hit
in the innermost part of the ITS.

Equations 1–7 are used to obtain the R2 and P2 corre-
lation functions as discussed in the previous section. Given
that the accuracy of R2 and P2 may be impacted by pT-
dependent inefficiencies, both R2 and P2 correlation func-
tions are explicitly corrected for such dependencies [35]. The
efficiencies are determined using Monte Carlo simulations of
pp collisions based on the PYTHIA8 [50] event generator and

the GEANT4 [51] transport code, as explained in detail in
Sect 4.

4 Monte Carlo model studies

Monte Carlo (MC) simulations of pp collisions at
√
s = 13

TeV generated with PYTHIA8 [50] are used to determine
efficiency correction factors, evaluate the performance of the
analysis procedure (also known as closure test), and pro-
duce the correlation functions compared with the experimen-
tal data in Sect. 6. The PYTHIA8 event generator is based
on a QCD description of quark and gluon interactions at the
leading order (LO) and uses the Lund string fragmentation
model [52] for high-pT parton hadronization. The produc-
tion of soft particles (i.e., the underlying event) is handled
through fragmentation of mini-jets from initial and final state
radiation, as well as multiple parton interactions [53]. The
calculations are performed with the Monash 2013 tune of
PYTHIA8 running in minimum-bias mode, with soft QCD
processes and color reconnection turned on [50].

Single particle detection efficiencies are estimated based
on the ratio of detector and generator levels single parti-
cle yields obtained with PYTHIA8. Reconstructed (REC)
level yields are obtained by propagating PYTHIA8 events
through a model of the ALICE detector with GEANT4 and
reconstructing the simulated events with the same software
used for real data. Generator (GEN) level yields are obtained
directly from the primary particles produced by PYTHIA8,
without including efficiency losses or resolution smearing.
Subsequently, tracking efficiency corrections are applied to
both single- and two- particle pairs; these corrections cancel
to first order in the calculations of R2 and P2.

A MC closure test is also carried out based on simu-
lated PYTHIA8 events processed with GEANT4 and the full
ALICE reconstruction of R2 and P2 correlation functions.
The REC calculations are compared with correlation func-
tions obtained at the GEN level to identify possible biases
in the experimental determination of these measurements.
Differences between reconstructed and generator level R2

and P2 correlation functions are found to be of the order
or smaller than 1%. These differences, though modest, are
conservatively added in the evaluation of systematic uncer-
tainties discussed in the next section.

Furthermore, small particle losses are caused by momen-
tum resolution near the edges of the acceptance: when
charged particles from the generator level pass through
GEANT4, a slight shift in η and pT due to resolution effects
could move these particles outside of the acceptance, lead-
ing to particle loss. This was addressed by excluding parti-
cles from the MC model that fell outside the acceptance and
comparing the results with those obtained using the default
approach, in which those particles were retained. The result-
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ing difference was assigned as a part of the systematic uncer-
tainty.

5 Determination of statistical and systematic
uncertainties

Given the fact that the statistical uncertainties of the cor-
relation functions are highly correlated, the final statistical
uncertainties are estimated with the sub-sample method [54].
Overall, eleven data samples, obtained by splitting the full
data sample collected during the 2018 period, are used in the
analysis separately. Their weighted mean constitutes the final
result and the standard deviations from the mean are used to
estimate the statistical uncertainties on the amplitude of the
correlation functions.

Systematic uncertainties are estimated by repeating the
analysis with modified event and charged-track selection cri-
teria for LS, US, CI, and CD pairs separately. The criteria are
varied individually to assess their impact on the measured
correlation functions and their characteristics. As discussed
in Sect. 4, a correction for the tracking efficiency is applied
in the default analysis procedure. To estimate the systematic
uncertainty due to possible imperfections in the description
of the tracking efficiency, the analysis was repeated with-
out applying this correction. A similar approach is applied
to estimate the systematic uncertainty due to the correction
for particle loss. As a cross check that no bias is introduced
by the pile-up rejection at the event and track selection lev-
els, the analysis was repeated without pile-up removal and
a negligible effect on the results was found. The different
selection criteria used to estimate the systematic uncertain-
ties are described below and listed in Table 1. The Barlow
criterion [55] is used to assess the statistical significance of
differences observed when changing the selection criteria rel-
ative to the nominal analysis. Total systematic uncertainties
are estimated by assuming that the different sources are inde-
pendent: contributions from the various sources are summed
in quadrature to obtain the total systematic uncertainties on
the amplitude of the R2 and P2 correlation functions, as well
as quantities derived from these. The maximum contributions
of systematic uncertainties and their sources are presented in
Tables 2 and 3 for the projections and widths of the correla-
tion functions, respectively.

Tracking efficiency contributes the most to the systematic
uncertainties for projections of RCI

2 along �η (�ϕ), which
is roughly 0.19% (0.13%). Similarly, the highest contribu-
tion to the systematic uncertainties of the projections of RCD

2
and PCI

2 is 0.04% (0.03%) along �η (�ϕ), resulting from
Monte Carlo closure tests. The largest contribution to the
systematic uncertainties for projections of PCD

2 along �η

(�ϕ) is 0.0008% (0.0013%), which is due to DCA (impact of

the TPC sector boundaries). Contributions to the systematic
uncertainties from other sources are found to be negligible.

The systematic uncertainties on the widths of the correla-
tion functions, presented in Sect. 6.5, were assessed in a simi-
lar fashion by varying selection criteria individually. Contam-
ination from secondaries not rejected by the DCA selection
criteria contribute the most to these uncertainties, approxi-
mately 0.36% (0.59%), on the width of RCI

2 (PCI
2 ) along �η.

The largest contribution to the systematic uncertainties in the
width of RCI

2 (PCI
2 ) as a function of �ϕ arises from track pile-

up effects (tracking efficiency), amounting to approximately
0.58% (0.27%). However, the highest contribution to the sys-
tematic uncertainties on the width of RCD

2 along �η (�ϕ) is
0.46% (2.17%) and originates from uncertainties on track
reconstruction efficiencies. Tracking efficiencies (impact of
the TPC sector boundaries) give rise the biggest contribution
to the systematic uncertainties for the width of PCD

2 along �η

(�ϕ), which is around 0.54% (1.77%). Contributions from
other sources are insignificant in this case.

The systematic uncertainties on the single particle den-
sity, shown in Sect. 6.6, contribute the most to the systematic
uncertainties on the magnitude of the balance function and its
integral. Altogether, the systematic uncertainty on the inte-
gral amounts to 5.8%, with the contribution due to single
particle density accounting for about 5.7%.

6 Results

The R2 and P2 correlation functions were first determined in
two dimensions, i.e., as functions of particle pair pseudora-
pidity difference (�η) and azimuthal angle difference (�ϕ).
These were then projected onto �η and �ϕ axes to further
examine the dependence of the correlation functions on these
kinematic variables.

6.1 Charge combinations of correlation functions

The R2 and P2 correlation functions for US and LS charged-
particle pairs forming the basis of the measurements are dis-
played in Fig. 1. These correlation functions share common
features, but also exhibit significant differences. All four cor-
relation functions are dominated by the presence of a strong
and relatively narrow peak centered at (�η,�ϕ) = (0, 0),
hereafter called the near-side peak because it corresponds
to the emission of two particles near one another in �ϕ.
The correlation functions also feature extended structures,
of a smaller amplitude, hereafter called away-side, because
they correspond to particle emission in two different hemi-
spheres, at �ϕ ≈ 180◦. However, it is important to note
also that US correlation functions feature a wider peak on
the near-side as shown in Fig. 1(a) and (c), whereas the LS
ones exhibit a relatively narrower near-side peak, as shown in
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Table 1 Sources of systematic uncertainties

Parameter Default Variation

DCAxy,z (cm) 0.2 0.1

Track selection Global tracks Tracks reconstructed based only on TPC information

Tracking efficiency With Without

Magnetic field polarity (T) +0.5 −0.5

No. of TPC space points > 70 > 90

Particle loss With Without

Track pile-up Removed Included

Event pile-up Removed Included

Fig. 1 Correlation functions (a) RUS
2 , (b) RLS

2 , (c) PUS
2 , (d) PLS

2 of charged hadrons measured in minimum bias pp collisions at
√
s = 13 TeV.

Charged hadrons are selected in the range 0.2 < pT < 2.0 GeV/c and with pseudorapidity |η| < 0.8
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Table 2 Maximum systematic uncertainties of the correlation functions and their sources for projections

Correlator Category Source Maximum systematic uncertainties (%)

RCI
2 �η Tracking efficiency 0.19

�ϕ Tracking efficiency 0.13

PCI
2 �η MC closure test 0.04

�ϕ MC closure test 0.03

RCD
2 �η MC closure test 0.04

�ϕ MC closure test 0.03

PCD
2 �η DCAxy,z 0.0008

�ϕ No. of TPC spcae points 0.0013

Table 3 Maximum systematic uncertainties of the correlation functions and their sources for widths

Correlator Category Source Maximum systematic uncertainties (%)

RCI
2 �η DCAxy,z 0.36

�ϕ Track pile-up 0.58

PCI
2 �η DCAxy,z 0.59

�ϕ Tracking efficiency 0.27

RCD
2 �η Tracking efficiency 0.46

�ϕ Tracking efficiency 2.17

PCD
2 �η Tracking efficiency 0.54

�ϕ No. of TPC spcae points 1.77

Fig. 1(b) and (d). The narrower shape of the near-side peak
of the LS correlation functions arises, in part, from Bose–
Einstein quantum statistics (also known as Hanbury Brown–
Twiss (HBT) effect): two identical mesons (e.g., π+π+) are
likely to be emitted in nearly the same direction with similar
transverse momenta. The longitudinal and azimuthal widths
of the LS near-side peak shall thus be partially driven by
the inverse of the system size (in spatial coordinates) [56].
Moreover, it can be observed that away-side structures have
slightly different shapes and dependence on �η. These near-
and away-side shapes have formerly been observed in mea-
surements of C2 correlation functions (involving a particle
with higher pT, known as trigger particle and a second par-
ticle considered as associate) measured in several collision
systems and a variety of beam energies [28,31,57–60]. Sev-
eral different mechanisms, including dijet, resonance decays,
Bose–Einstein correlations, collective flow, and conservation
of energy and momentum, are thought to be responsible for
the near- and away-side shapes [61–63]. Furthermore, it can
be observed that the US and LS combinations of P2 correla-
tion functions exhibit similar behaviors, but significantly nar-
rower near-side peaks as compared to R2, as seen in Fig. 1(c)
and (d). The R2 and P2 US and LS correlation functions,
shown in Fig. 1, are combined using Eqs. 8 and 9, respec-
tively. This combination produces the CI and CD of R2 and
P2 correlation functions presented in Figs. 2 and 4.

6.2 Charge-independent (CI) correlation functions

The R2 and P2 correlation functions for CI combinations,
shown in the left and right panels of Fig. 2, are obtained by
averaging US and LS correlation functions. Hence, they evi-
dently feature rather similar dependencies on �η and �ϕ.
Indeed, both correlation functions have a strong near-side
peak centered at (�η,�ϕ) = (0, 0) and an away-side struc-
ture centered at �ϕ = π and extending over the whole |�η|
range. It can be seen, however, that the near-side peak of PCI

2
is significantly narrower than the near-side peak of RCI

2 . This
is better visible in Fig. 3 which presents the projections of
RCI

2 and PCI
2 onto �η and �ϕ axes in the left and right panels,

respectively. It is clear that the near-side peak of the PCI
2 (�η)

correlation function is narrower than the corresponding peak
of RCI

2 (�η). It is worth stressing, however, that R2 and P2

correlation functions have the same kernel, i.e., the same
source of correlated particles. The fact that the PCI

2 near-side
peak is narrower relative to that of RCI

2 is thus associated with
the �pT�pT dependence of the former: at some large relative
angles and pseudorapidity differences, the factor �pT�pT
manifestly suppresses the amplitude of the P2 correlation
function. In the tail of the near-side peak, the contributions
of particle pairs with positive and negative values of �pT�pT
are similar between each other and thereby essentially cancel
one another leading to a suppression of the apparent strength
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Fig. 2 Correlation functions RCI
2 (left) and PCI

2 (right) of charged hadrons measured in minimum bias pp collisions at
√
s = 13 TeV. Charged

hadrons are selected in the range 0.2 < pT < 2.0 GeV/c and with pseudorapidity |η| < 0.8

Fig. 3 Projections onto �η

(left column) and �ϕ (right
column) of RCI

2 (top row) and
PCI

2 (bottom row) correlation
functions of charged hadrons
calculated in the selected pT
range in pp collisions at

√
s = 13

TeV. The �η and �ϕ

projections are calculated as
averages of the two-dimensional
correlations in the range
|�ϕ| ≤ π and |�η| ≤ 1.6,
respectively. Vertical bars and
boxes represent statistical and
systematic uncertainties,
respectively. Simulations using
PYTHIA8 with the Monash
2013 tune and color
reconnection (CR) enabled, as
described in the text, are shown
as green dashed lines
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of particle correlations in that range. At small values of �η

and �ϕ, pairs with �pT�pT > 0 clearly dominate and yield
the narrow peak observed. This behavior is consistent with
the angular ordering expected in jets as confirmed by model
calculations based on PYTHIA8 [36]. The effect is, however,
also expected from hadronic resonance decays. It should be
additionally noted that a similar pattern was observed for RCI

2
and PCI

2 correlation functions measured in p–Pb and Pb–Pb
collisions [28].

6.3 Charge-dependent (CD) correlation functions

The RCD
2 and PCD

2 correlation functions are shown as two-
dimensional plots in the left and right panels of Fig. 4, respec-
tively, and their projections onto �η and �ϕ axes are dis-
played in Fig. 5. It can be noted that the near-side peak
of both correlation functions feature a narrow dip around
(�η,�ϕ) = (0, 0), which stems in large part due to Bose–
Einstein Quantum Statistics. In addition, the near-side peak
of the PCD

2 correlation function is substantially narrower
than that of RCD

2 . This difference is expected from the angu-
lar and transverse momentum ordering effect already men-
tioned [36].

At LHC energies, positively and negatively charged par-
ticles are produced in nearly equal multiplicities and fea-
ture similar pT spectra [64]. In large collision systems, neg-
atively and positively charged particles are found to have
nearly equal momentum anisotropy distributions. It entails
that in large systems, the RCD

2 and PCD
2 correlation functions

feature an essentially flat and featureless away-side across a
wide interval of collision centrality spanning from the most
central collisions down to peripheral collisions. While par-
ticle momentum anisotropies, possibly originating from a
collectively expanding system, have been observed in high-
multiplicity pp collisions, it is expected that non-flow cor-
relations, such as those resulting from energy–momentum
conservation (causing back-to-back particle emission in the
transverse plane), should impact LS and US charged particle
pairs similarly and thus lead to a flat away-side distribution. It
can be observed, however, that the away-side of the RCD

2 cor-
relation function is not flat and shows a dependence on both
�η and �ϕ which reflects a small difference in the away-
side emission of LS and US pairs. This likely results from
the rather broad nature of the near-side peak, which extends
beyond �ϕ = π/2 towards the away-side. In contrast, how-
ever, the PCD

2 near-side peak is narrower and does not extend
on the away-side. This correlation function thus has a rather
flat away-side. This behavior was also observed in p–Pb and
Pb–Pb collisions [28].

6.4 R2 and P2 correlation functions with PYTHIA8

The PYTHIA8 [50] event generator has had great successes
in modeling recent measurements of single particle and jet
production in high-energy pp collisions. It is thus of inter-
est to investigate whether it can also reproduce the mea-
sured R2 and P2 correlation functions. Comparisons with
PYTHIA8 calculations of CI and CD components of these
correlation functions are presented in Figs. 3 and 5, respec-
tively. Focusing on the �η (left) and �ϕ (right) projections of
CI correlation functions, shown in Fig. 3, it can be noted that
PYTHIA8 essentially captures the basic features of the RCI

2
and PCI

2 correlation functions. The projections indeed show
near-side peaks and away-side structures that approximately
match those observed experimentally. The small differences
between the calculations and the measurements may origi-
nate from various phenomena, the detailed analysis of which
is beyond the scope of this work.

Switching the discussion to the projections of the CD cor-
relations, shown in Fig. 5, it can be observed that also in
this case, PYTHIA8 captures the salient features of the mea-
sured correlation functions, with one notable exception: the
dip structures found at �η = 0 and �ϕ = 0 in experimental
data. By construction, CD correlations are sensitive to the
presence of HBT, manifested in LS, and known to exist in all
colliding systems. The HBT correlations, typically measured
in terms of invariant momentum differences, are expected to
be relevant at small �η, �ϕ separation [65]. As such the
width of the dip in the CD correlations reflects in part the
width of the peak in LS correlations due to Bose–Einstein
condensation and thus serve as an indicator of the system
size. Such effects are not seen in the PYTHIA8 predictions
shown in the figures because no HBT afterburner was used in
the calculations [66]. It is also possible that the dip observed
at small pair separation may arise from other causes related to
particle production from hadronic resonance decays or other
sources of charge conserving production mechanisms. Fur-
thermore, PYTHIA8 also predicts the presence of a small
bump structure centered at �ϕ = π in �ϕ projections of
RCD

2 which is not observed in the data. Such small away-
side peak is likely caused by momentum conservation effects
which manifest themselves by back-to-back particle emis-
sion at low multiplicity. Similarly, PYTHIA8 reproduces the
PCD

2 (�η) with some deviations near �η = 0 and towards
the edge. Moreover, it can be observed that in contrast to the
RCD

2 , where PYTHIA8 approximately matches the overall
magnitude of the correlation function, the near-side peak of
the PCD

2 is overestimated by a factor of two while the away-
side magnitude is underestimated by the same factor. These
results show that while PYTHIA8 qualitatively reproduces
the measured correlation functions.
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Fig. 4 Correlation functions RCD
2 (left ) and PCD

2 (right) of charged hadrons in minimum bias pp collisions at
√
s = 13 TeV. Charged hadrons are

selected in the range 0.2 < pT < 2.0 GeV/c and with pseudorapidity |η| < 0.8

Fig. 5 Projections onto the �η

(left) and �ϕ (right) axes of the
RCD

2 (top) and PCD
2 (bottom)

correlation functions shown in
Fig. 4. The �η and �ϕ

projections are calculated as
averages of the two-dimensional
correlations in the range
|�ϕ| ≤ π and |�η| ≤ 1.6,
respectively. Vertical bars and
boxes represent statistical and
systematic uncertainties,
respectively. Simulations using
PYTHIA8 with the Monash
2013 tune and color
reconnection (CR) enabled, as
described in the text, are shown
as green dashed lines
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Fig. 6 Width of (a) RCI
2 (�η) (blue markers) and PCI

2 (�η) (red mark-
ers) and (b) RCD

2 (�η) (blue markers) and PCD
2 (�η) (red markers) cor-

relation functions along �η measured within |�ϕ| < π in pp collisions
and compared with results from p–Pb and Pb–Pb collisions [28] as a
function of 〈dNch/dη〉|η|<0.5. Vertical bars and boxes represent statis-
tical and systematic uncertainties, respectively

Fig. 7 Widths of RCD
2 (�ϕ) (blue markers) and PCD

2 (�ϕ) (red mark-
ers) correlation functions along �ϕ measured within |�η| < 1.6 for pp
and within |�η| < 1.8 for p–Pb and Pb–Pb collisions [28] as a function
of 〈dNch/dη〉|η|<0.5. Vertical bars and boxes represent statistical and
systematic uncertainties, respectively

6.5 Evolution of the near-side peak width with multiplicity
in different collision systems

The widths of the near-side peak of the measured correla-
tion functions along the �η and �ϕ axes are commonly
used to characterize the many processes that contribute to the
strength and shape of particle correlations. It is interesting, in
particular, to consider how these widths evolve with the pro-
duced particle multiplicity quantified by the charged-particle
pseudorapidity density at midrapidity (〈dNch/dη〉|η|<0.5), the
collision system size, as well as the collision energy.

This section reports the near-side peak root mean square
(RMS) widths of correlation functions computed using
Eq. (10) and shown in Figs. 6 and 7. Given some ambigui-
ties existing in the identification of a baseline for broad peaks
measured in a narrow acceptance, as in the case of the �η pro-
jections of RCI

2 and PCI
2 , the RMS widths are computed using

two methods: the first involves accounting for the presence
of a baseline (or correlation plateau) underneath the peak and
the second characterizes the width of the peak in a fixed �η

or �ϕ range. In the case of the first method, since a plateau
is not evident based on the shape of the projected correla-
tion functions (reported in Fig. 3), the correlation strength
at the edges of the acceptance is used as baseline and thus
constitutes a somewhat arbitrary definition of the baseline,
which ignores the correlation strength at �η values beyond
the experimental acceptance. It nonetheless provides an esti-
mator of the width of interest albeit with a bias. The sec-
ond method has merits and limitations as well. It evidently
does not suffer from the somewhat arbitrary requirement of
a baseline determination, but its magnitude is largely defined
by the experimental acceptance itself. For instance, the offset
for PCI

2 (�ϕ), illustrated in Fig. 3, is determined by averag-
ing three consecutive bins at the turning points near the edges
of the near-side peak. Indeed, for a shallow peak or no peak
whatsoever, the RMS width would be equal to the accepted
range divided by

√
12.

The RMS widths of the R2 and P2 correlation func-
tions computed with and without offsets (offset = 0) are
reported in Table 4. Despite the fact that both methods men-
tioned above use an offset, the table enables a direct com-
parison between calculations performed with and without
this offset. To maintain consistency with previous results in
p−Pb and Pb−Pb, the widths for RCD

2 are considered with-
out applying any offset. The computed RMS widths feature
a strong dependence on the method chosen for their evalu-
ation. Comparisons with the results of prior measurements
and/or with model predictions must then be carried out in
a consistent manner. Figures 6 and 7 compare the widths
along �η and �ϕ obtained in pp collisions at

√
s = 13 TeV,

with those reported by the ALICE Collaboration in p–Pb col-
lisions at

√
sNN = 5.02 TeV, and Pb–Pb collisions at

√
sNN =

2.76 TeV [28]. In the case of RCD
2 (�η), the RMS widths com-
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puted without offset are shown in Fig. 6, considering the fact
that the correlation vanishes at large |�η| values, whereas
finite offsets were used for other projections, consistent with
the previous results in p–Pb and Pb–Pb collisions [28].

Figure 6 contrasts the longitudinal near-side widths of
CI and CD correlation functions measured in pp collisions
with those observed in p–Pb, and Pb–Pb collisions [28] as a
function of the density of charged particles in the transverse
momentum interval 0.15 < pT < 20 GeV/c and within the
pseudorapidity range, |η| < 0.5 [67]. In the top panel of
Fig. 6, it can be observed that the longitudinal RMS widths
of RCI

2 (�η) and PCI
2 (�η) tend to rise with increasing particle

density in p–Pb and Pb–Pb collisions, a feature that may be
indicative of the finite shear viscosity of the medium created
in these collisions, especially in Pb–Pb collisions [68,69].
The longitudinal widths of RCD

2 measured in pp collisions are
in a good agreement with those obtained in low multiplicity
p–Pb collisions. In sharp contrast to that is a large deviation
of the width of PCD

2 near-side peak from the value measured
in p–Pb collisions with similar charged particle multiplicity.
While the origin of this discrepancy is not entirely clear, it
may in part arise from the difference in collision energy as
well as mean-pT [70] between pp and p–Pb collisions.

The evolution of the near-side peak width of RCD
2 (�ϕ)

correlation functions with produced particle multiplicity
measured in pp, p–Pb, and Pb–Pb collisions is shown in
Fig. 7. The observed decrease of the width from low to high
multiplicity is likely due to the rise of the (transverse) radial
flow in these collisions although it is also expected that the
diffusivity of the matter produced in Pb–Pb collisions might
induce a small broadening of the correlation function [38,39].
The multiplicity dependence of the PCD

2 correlation func-
tion exhibits a more complicated behavior. The azimuthal
width of PCD

2 displays a small rise from the multiplicity
observed in minimum bias pp collisions to the largest multi-
plicities observed in p–Pb collisions. This rise continues up to
〈dNch/dη〉|η|<0.5 ≈ 100 in Pb–Pb, but is followed by a mod-
est decrease at higher multiplicities. Again, it can be noted
that the near-side peak of PCD

2 is considerably narrower than
the one of RCD

2 . Overall, it is visible that the azimuthal width
of the PCD

2 near-side peak is smaller in pp and p–Pb than
in Pb–Pb collisions. This suggests that the impact of the pT

angular ordering effect is weaker at high multiplicity perhaps
owing to a greater probability of multiple scattering in such
larger systems.

The evolution of the near-side peak widths of the RCI,CD
2 ,

PCI,CD
2 correlators from pp, to p–A, to A–A collisions is

somewhat puzzling. This may be in part because the strength
of both the R2 and P2 correlation functions is manifestly non
vanishing outside the experimental acceptance but cannot be
reliably extrapolated thereby leading to ambiguities in the
use of “offsets” employed in the computation of the widths.

The apparent mismatch might also arise from differences in
the role on femtoscopic correlations in these three systems.

6.6 Balance function and its integral

Charge conservation dictates that the production of a posi-
tively charged particle must be accompanied by the creation
of a charge balancing particle, i.e., a negatively charged par-
ticle. However, both production and transport mechanisms of
charged particle pairs may impact the shape and strength of
the RCD

2 correlation function. A focus on the particle produc-
tion itself can be brought about by considering a measure-
ment of charge balance function (B), which in the context of
collisions at the LHC energies can be written: B = ρBRCD

2 ,
where ρB represents the charged particle density calculated
in the kinematic range of |η| < 0.8 and 0.2 < pT < 2 GeV/c.
This single particle density is obtained by integration of prior
ALICE measurements of the differential invariant yield of
charged particles [67] according to

ρB =
〈d2Nch

dϕdη

〉
=

∫ pT,max

pT,min

d2Nch

2πpTdpTdη
× pTdpT. (13)

The balance function, plotted as a function of �η and �ϕ

in the left panel of Fig. 8, has the same shape of the RCD
2

correlation function reported in Fig. 4(a) modulo a rescal-
ing factor. The integral of the charge balance function, com-
puted according to Eq. 12, amounts to 0.55±0.0039(stat.)±
0.06(syst.) and it is shown in the right panel of Fig. 8. This
means that given a positive hadron is measured in the accep-
tance |η| < 0.8, 0.2 < pT < 2.0 GeV/c, the chance of
finding a charge balancing negative hadron in that same par-
ticle acceptance amounts to 55%. The probability is evidently
smaller than unity because the charge balancing hadron may
be emitted (“leak”) outside the acceptance, i.e., either at pseu-
dorapidity |η| > 0.8 or outside the 0.2 < pT < 2.0 GeV/c
range of the measurement. It is worth noting, however, that
this probability is compatible to the sum of the probabilities
(in essentially identical acceptances) of observing π−, K−,
and p as balancing partners of a π+ in Pb–Pb collisions at√
sNN = 2.76 TeV [44]. In this context, ππ pairs are predom-

inantly observed, while contributions from other pairs are
negligible. Nevertheless, the transverse momentum ranges
for identified particles are different, and may account for the
small modification. More detailed measurements of balance
functions of identified hadrons in small and large collision
systems and their evolution with produced particle multiplic-
ity are forthcoming. One should also remark that the integral
of the balance function measured in this work deviates appre-
ciably from balance function integrals reported by the CMS
collaboration based on their recent measurements [37]. While
the CMS measurements benefit from a much larger rapid-
ity acceptance, |ηcms| < 2.4, they do not feature the low
pT = 0.2 GeV/c achieved within the ALICE measurements
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Table 4 Comparison of the widths calculated with and without the offset (T = 0) in Eq. 10

Correlator Category With offset Without offset

RCI
2 �η 0.57 ± 0.0003(stat.) ± 0.0052(syst.) 0.90± < 0.0001(stat.) ± 0.0079(syst.)

�ϕ 0.54 ± 0.0002(stat.) ± 0.0086(syst.) 0.93± < 0.0001(stat.) ± 0.0148(syst.)

PCI
2 �η 0.31 ± 0.0007(stat.) ± 0.041(syst.) 0.51 ± 0.0001(stat.) ± 0.079(syst.)

�ϕ 0.33 ± 0.0007(stat.) ± 0.004(syst.) 0.51 ± 0.0002(stat.) ± 0.006(syst.)

RCD
2 �η 0.65 ± 0.001(stat.) ± 0.0058(syst.) 0.77 ± 0.0004(stat.) ± 0.0069(syst.)

�ϕ 0.99 ± 0.0025(stat.) ± 0.023(syst.) 1.27 ± 0.001(stat.) ± 0.0298(syst.)

PCD
2 �η 0.37 ± 0.0039(stat.) ± 0.0062(syst.) 0.51 ± 0.0024(stat.) ± 0.0084(syst.)

�ϕ 0.37 ± 0.0031(stat.) ± 0.02(syst.) 0.41 ± 0.0025(stat.) ± 0.0215(syst.)

Fig. 8 Balance function (left panel) of charged hadrons, in the selected
pT range, obtained using ALICE data in pp collisions at

√
s = 13 TeV.

Integral of B (right panel) results for charged hadrons in pp collisions at√
s = 13 TeV compared with the B integral of identified hadron (ππ ,

πK, and πp) pairs in Pb–Pb collisions at
√
sNN = 2.76 TeV [44]. Ver-

tical bars and boxes represent statistical and systematic uncertainties,
respectively

reported in this work. The CMS measurements also use a
momentum ordering pT,assoc < pT,trig that may impact the
magnitude of the integral of balance functions given a charge
balancing partner may also be found at pT,assoc ≥ pT,trig.

7 Summary

Two-particle differential number correlation function,
R2 (�η,�ϕ), and transverse momentum correlation func-
tion, P2 (�η,�ϕ), of charged particles in the transverse
momentum range 0.2 < pT < 2.0 GeV/c and pseudorapidity
range |η| < 0.8 are measured in minimum-bias pp collisions
at a center-of-mass energy of

√
s = 13 TeV. Correlation

functions are studied individually for LS and US particle
pairs and combined to obtain CI and CD. These correlation

functions exhibit features similar to those observed in larger
collision systems, including, in particular, a somewhat nar-
row, but prominent peak at small particle pair separation �η,
�ϕ. As well as in prior measurements in p–Pb and Pb–Pb col-
lisions, the near-side peak of both CI and CD P2 correlations
is found to be significantly narrower than those of R2 corre-
lations, a feature expected from momentum versus angular
ordering in jets and hadronic resonance decays. The RCD

2
and PCD

2 exhibit a narrow dip at the center of their respective
near-side peaks. This feature is understood to result in part
from Bose–Einstein correlations of LS particles and the rel-
atively small source size of pp collisions. The projections of
measured R2 (�η,�ϕ) and P2 (�η,�ϕ) onto �η and �ϕ

are compared with PYTHIA8 calculations. It is found that
PYTHIA8 qualitatively reproduces measurements in pp col-
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lisions, but cannot catch all the observed features suggesting
that further improvement of the model is needed.

The RMS widths of the near-side peak of RCI
2 along the

longitudinal and RCD
2 along the longitudinal and azimuthal

directions are found to be in good agreement with the widths
of correlation functions observed at low charged particle
multiplicity in p–Pb collisions. This agreement indicates
the breadth of these correlation functions likely primarily
depends on the produced multiplicity. However, the widths of
PCI

2 and PCD
2 in the longitudinal direction observed in pp are

significantly smaller than those measured in p–Pb collisions.
The azimuthal width of PCD

2 observed in pp approximately
matches the width measured in p–Pb at similar charged par-
ticle density. The widths of the near-side peaks of R2 and P2

correlation functions are studied in detail and compared with
the measurements performed in larger colliding systems. The
widths of the near-side peak of R2 for CI and CD combina-
tions follow a consistent trend despite of differences in the
center-of-mass energy for the three systems. However, the
widths of the near-side peak of P2(�η) for CI and CD show
some deviations in the three systems. These deviations may
in part come from differences in collision energy [70].

Furthermore, the integral of the balance function (IB) is
measured in pp collisions based on the RCD

2 correlation func-
tion. The magnitude of the integral is found to be compat-
ible to the sum of balance function integrals measured for
individual charged hadron pairs, ππ , πK, and πp, in Pb–Pb
collisions by the ALICE Collaboration. This suggests that
balance functions and their integrals evolve rather slowly
with system size and collision energy.

Acknowledgements The ALICE Collaboration would like to thank
all its engineers and technicians for their invaluable contributions to
the construction of the experiment and the CERN accelerator teams
for the outstanding performance of the LHC complex. The ALICE
Collaboration gratefully acknowledges the resources and support pro-
vided by all Grid centres and the Worldwide LHC Computing Grid
(WLCG) collaboration. The ALICE Collaboration acknowledges the
following funding agencies for their support in building and running
the ALICE detector: A. I. Alikhanyan National Science Laboratory
(Yerevan Physics Institute) Foundation (ANSL), State Committee of
Science and World Federation of Scientists (WFS), Armenia; Aus-
trian Academy of Sciences, Austrian Science Fund (FWF): [M 2467-
N36] and Nationalstiftung für Forschung, Technologie und Entwick-
lung, Austria; Ministry of Communications and High Technologies,
National Nuclear Research Center, Azerbaijan; Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (Finep), Fundação de Amparo à Pesquisa do Estado
de São Paulo (FAPESP) and Universidade Federal do Rio Grande do
Sul (UFRGS), Brazil; Bulgarian Ministry of Education and Science,
within the National Roadmap for Research Infrastructures 2020-2027
(object CERN), Bulgaria; Ministry of Education of China (MOEC)
, Ministry of Science & Technology of China (MSTC) and National
Natural Science Foundation of China (NSFC), China; Ministry of Sci-
ence and Education and Croatian Science Foundation, Croatia; Cen-
tro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN),
Cubaenergía, Cuba; Ministry of Education, Youth and Sports of the
Czech Republic, Czech Republic; The Danish Council for Indepen-

dent Research | Natural Sciences, the VILLUM FONDEN and Danish
National Research Foundation (DNRF), Denmark; Helsinki Institute of
Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules
(IN2P3) and Centre National de la Recherche Scientifique (CNRS),
France; Bundesministerium für Bildung und Forschung (BMBF) and
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany;
General Secretariat for Research and Technology, Ministry of Educa-
tion, Research and Religions, Greece; National Research, Development
and Innovation Office, Hungary; Department of Atomic Energy Gov-
ernment of India (DAE), Department of Science and Technology, Gov-
ernment of India (DST), University Grants Commission, Government of
India (UGC) and Council of Scientific and Industrial Research (CSIR),
India; National Research and Innovation Agency - BRIN, Indonesia;
Istituto Nazionale di Fisica Nucleare (INFN), Italy; Japanese Ministry of
Education, Culture, Sports, Science and Technology (MEXT) and Japan
Society for the Promotion of Science (JSPS) KAKENHI, Japan; Con-
sejo Nacional de Ciencia (CONACYT) y Tecnología, through Fondo
de Cooperación Internacional en Ciencia y Tecnología (FONCICYT)
and Dirección General de Asuntos del Personal Academico (DGAPA),
Mexico; Nederlandse Organisatie voor Wetenschappelijk Onderzoek
(NWO), Netherlands; The Research Council of Norway, Norway; Pon-
tificia Universidad Católica del Perú, Peru; Ministry of Science and
Higher Education, National Science Centre and WUT ID-UB, Poland;
Korea Institute of Science and Technology Information and National
Research Foundation of Korea (NRF), Republic of Korea; Ministry of
Education and Scientific Research, Institute of Atomic Physics, Min-
istry of Research and Innovation and Institute of Atomic Physics and
Universitatea Nationala de Stiinta si Tehnologie Politehnica Bucuresti,
Romania; Ministry of Education, Science, Research and Sport of the
Slovak Republic, Slovakia; National Research Foundation of South
Africa, South Africa; Swedish Research Council (VR) and Knut &
Alice Wallenberg Foundation (KAW), Sweden; European Organization
for Nuclear Research, Switzerland; Suranaree University of Technol-
ogy (SUT), National Science and Technology Development Agency
(NSTDA) and National Science, Research and Innovation Fund (NSRF
via PMU-B B05F650021), Thailand; Turkish Energy, Nuclear and Min-
eral Research Agency (TENMAK), Turkey; National Academy of Sci-
ences of Ukraine, Ukraine; Science and Technology Facilities Council
(STFC), United Kingdom; National Science Foundation of the United
States of America (NSF) and United States Department of Energy,
Office of Nuclear Physics (DOE NP), United States of America. In addi-
tion, individual groups or members have received support from: Czech
Science Foundation (grant no. 23-07499S), Czech Republic; FORTE
project, reg. no. CZ.02.01.01/00/22_008/0004632, Czech Republic, co-
funded by the European Union, Czech Republic; European Research
Council (grant no. 950692), European Union; ICSC - Centro Nazionale
di Ricerca in High Performance Computing, Big Data and Quantum
Computing, European Union - NextGenerationEU; Academy of Finland
(Center of Excellence in Quark Matter) (grant nos. 346327, 346328),
Finland.

Data Availability Statement This manuscript has associated data in
a data repository. [Authors’ comment: This manuscript has associ-
ated data in a HEPData repository at https://www.hepdata.net/record/
ins2847021.]

Code Availability Statement This manuscript has associated code/
software in a data repository. [Authors’ comment: The code/software
used for the analysis is publicly available in the github repository,
at the link https://github.com/alisw/AliRoot and https://github.com/
alisw/AliPhysics/.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you

123

https://www.hepdata.net/record/ins2847021
https://www.hepdata.net/record/ins2847021
https://github.com/alisw/AliRoot
https://github.com/alisw/AliPhysics/
https://github.com/alisw/AliPhysics/


Eur. Phys. J. C           (2025) 85:866 Page 15 of 24   866 

give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. STAR Collaboration, J. Adams et al., Experimental and theoretical
challenges in the search for the quark gluon plasma: The STAR Col-
laboration’s critical assessment of the evidence from RHIC colli-
sions. Nucl. Phys. A 757, 102–183 (2005). https://doi.org/10.1016/
j.nuclphysa.2005.03.085. arXiv:nucl-ex/0501009

2. PHENIX Collaboration, K. Adcox et al., Formation of dense par-
tonic matter in relativistic nucleus-nucleus collisions at RHIC:
Experimental evaluation by the PHENIX Collaboration. Nucl.
Phys. A 757, 184–283 (2005). https://doi.org/10.1016/j.nuclphysa.
2005.03.086. arXiv:nucl-ex/0410003

3. BRAHMS Collaboration, I. Arsene et al., Quark gluon plasma
and color glass condensate at RHIC? The perspective from the
BRAHMS experiment. Nucl. Phys. A 757, 1–27 (2005). https://
doi.org/10.1016/j.nuclphysa.2005.02.130

4. PHOBOS Collaboration, B.B. Back et al., The PHOBOS
perspective on discoveries at RHIC. Nucl. Phys. A 757,
28–101 (2005). https://doi.org/10.1016/j.nuclphysa.2005.03.084.
arXiv:nucl-ex/0410022

5. ALICE Collaboration, J. Adam et al., Measurement of jet suppres-
sion in central Pb–Pb collisions at

√
sNN = 2.76 TeV. Phys. Lett. B

746, 1–14 (2015). https://doi.org/10.1016/j.physletb.2015.04.039.
arXiv:1502.01689 [nucl-ex]

6. ALICE Collaboration, J. Adam et al., J/ψ suppression at forward
rapidity in Pb–Pb collisions at

√
sNN = 5.02 TeV. Phys. Lett. B

766, 212–224 (2017). https://doi.org/10.1016/j.physletb.2016.12.
064. arXiv:1606.08197 [nucl-ex]

7. CMS Collaboration, A.M. Sirunyan et al., Measurement of prompt
and nonprompt charmonium suppression in Pb–Pb collisions at
5.02 TeV. Eur. Phys. J. C 78, 509 (2018). https://doi.org/10.1140/
epjc/s10052-018-5950-6. arXiv:1712.08959 [nucl-ex]

8. CMSCollaboration, A.M. Sirunyan et al., Measurement of nuclear
modification factors of ϒ(1S), ϒ(2S), and ϒ(3S) mesons in
Pb–Pb collisions at

√
sNN = 5.02 TeV. Phys. Lett. B 790,

270–293 (2019). https://doi.org/10.1016/j.physletb.2019.01.006.
arXiv:1805.09215 [hep-ex]

9. ALICE Collaboration, S. Acharya et al., Production of charged
pions, kaons, and (anti-)protons in Pb–Pb and inelastic pp collisions
at

√
sNN = 5.02 TeV. Phys. Rev. C 101, 044907 (2020). https://doi.

org/10.1103/PhysRevC.101.044907. arXiv:1910.07678 [nucl-ex]
10. ALICE Collaboration, S. Acharya et al., The ALICE experiment:

a journey through QCD. Eur. Phys. J. C 84, 813 (2024). https://doi.
org/10.1140/epjc/s10052-024-12935-y. arXiv:2211.04384 [nucl-
ex]

11. CMS Collaboration, S. Chatrchyan et al., Observation of long-
range near-side angular correlations in proton-lead collisions at
the LHC. Phys. Lett. B 718, 795–814 (2013). https://doi.org/10.
1016/j.physletb.2012.11.025. arXiv:1210.5482 [nucl-ex]

12. STAR Collaboration, L. Adamczyk et al., Beam energy depen-
dence of jet-quenching effects in Au+Au collisions at

√
sNN =

7.7, 11.5, 14.5, 19.6, 27, 39, and 62.4 GeV. Phys. Rev. Lett. 121,

032301 (2018). https://doi.org/10.1103/PhysRevLett.121.032301.
arXiv:1707.01988 [nucl-ex]

13. ALICE Collaboration, K. Aamodt et al., Elliptic flow of charged
particles in Pb–Pb collisions at 2.76 TeV. Phys. Rev. Lett. 105,
252302 (2010). https://doi.org/10.1103/PhysRevLett.105.252302.
arXiv:1011.3914 [nucl-ex]

14. ALICE Collaboration, B.B. Abelev et al., Centrality, rapidity and
transverse momentum dependence of J/ψ suppression in Pb–Pb
collisions at

√
sNN=2.76 TeV. Phys. Lett. B 734, 314–327 (2014).

https://doi.org/10.1016/j.physletb.2014.05.064. arXiv:1311.0214
[nucl-ex]

15. H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, 200 A
GeV Au+Au collisions serve a nearly perfect quark-gluon liq-
uid. Phys. Rev. Lett. 106, 192301 (2011). https://doi.org/10.1103/
PhysRevLett.106.192301. arXiv:1011.2783 [nucl-th]

16. Z. Qiu, C. Shen, U. Heinz, Hydrodynamic elliptic and triangu-
lar flow in Pb-Pb collisions at

√
sNN = 2.76 TeV. Phys. Lett. B

707, 151–155 (2012). https://doi.org/10.1016/j.physletb.2011.12.
041. arXiv:1110.3033 [nucl-th]

17. H. Song, Hydrodynamic modeling and the QGP shear viscos-
ity. Eur. Phys. J. A 48, 163 (2012). https://doi.org/10.1140/epja/
i2012-12163-9. arXiv:1207.2396 [nucl-th]

18. C. Gale, S. Jeon, B. Schenke, Hydrodynamic modeling of heavy-
ion collisions. Int. J. Mod. Phys. A 28, 1340011 (2013). https://doi.
org/10.1142/S0217751X13400113. arXiv:1301.5893 [nucl-th]

19. J.E. Bernhard, J.S. Moreland, S.A. Bass, Bayesian estima-
tion of the specific shear and bulk viscosity of quark-gluon
plasma. Nat. Phys. 15, 1113–1117 (2019). https://doi.org/10.1038/
s41567-019-0611-8

20. CMS Collaboration, V. Khachatryan et al., Evidence for col-
lectivity in pp collisions at the LHC. Phys. Lett. B 765,
193–220 (2017). https://doi.org/10.1016/j.physletb.2016.12.009.
arXiv:1606.06198 [nucl-ex]

21. ATLAS Collaboration, M. Aaboud et al., Measurements of long-
range azimuthal anisotropies and associated Fourier coefficients
for pp collisions at

√
s = 5.02 and 13 TeV and p+Pb collisions

at
√
sNN = 5.02 TeV with the ATLAS detector. Phys. Rev. C

96, 024908 (2017). https://doi.org/10.1103/PhysRevC.96.024908.
arXiv:1609.06213 [nucl-ex]

22. CMS Collaboration, A. Hayrapetyan et al., Overview of high-
density QCD studies with the CMS experiment at the LHC. Phys.
Rep. 1115, 219–367 (2025). https://doi.org/10.1016/j.physrep.
2024.11.007. arXiv:2405.10785 [nucl-ex]

23. STAR Collaboration, L. Adamczyk et al., Observation of charge
asymmetry dependence of pion elliptic flow and the possible chi-
ral magnetic wave in heavy-ion collisions. Phys. Rev. Lett. 114,
252302 (2015). https://doi.org/10.1103/PhysRevLett.114.252302.
arXiv:1504.02175 [nucl-ex]

24. PHENIXCollaboration, A. Adare et al., Measurements of directed,
elliptic, and triangular flow in Cu+Au collisions at

√
sNN = 200

GeV. Phys. Rev. C 94, 054910 (2016). https://doi.org/10.1103/
PhysRevC.94.054910. arXiv:1509.07784 [nucl-ex]

25. ALICE Collaboration, S. Acharya et al., Investigations of
anisotropic flow using multiparticle azimuthal correlations in pp, p–
Pb, Xe–Xe, and Pb–Pb collisions at the LHC. Phys. Rev. Lett. 123,
142301 (2019). https://doi.org/10.1103/PhysRevLett.123.142301.
arXiv:1903.01790 [nucl-ex]

26. ALICE Collaboration, B. B. Abelev et al., Multiparticle azimuthal
correlations in p–Pb and Pb–Pb collisions at the CERN Large
Hadron Collider. Phys. Rev. C 90, 054901 (2014). https://doi.org/
10.1103/PhysRevC.90.054901. arXiv:1406.2474 [nucl-ex]

27. ALICE Collaboration, J. Adam et al., Centrality dependence
of the charged-particle multiplicity density at midrapidity in
Pb–Pb collisions at

√
sNN = 5.02 TeV. Phys. Rev. Lett. 116,

222302 (2016). https://doi.org/10.1103/PhysRevLett.116.222302.
arXiv:1512.06104 [nucl-ex]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
http://arxiv.org/abs/nucl-ex/0501009
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
http://arxiv.org/abs/nucl-ex/0410003
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.03.084
http://arxiv.org/abs/nucl-ex/0410022
https://doi.org/10.1016/j.physletb.2015.04.039
http://arxiv.org/abs/1502.01689
https://doi.org/10.1016/j.physletb.2016.12.064
https://doi.org/10.1016/j.physletb.2016.12.064
http://arxiv.org/abs/1606.08197
https://doi.org/10.1140/epjc/s10052-018-5950-6
https://doi.org/10.1140/epjc/s10052-018-5950-6
http://arxiv.org/abs/1712.08959
https://doi.org/10.1016/j.physletb.2019.01.006
http://arxiv.org/abs/1805.09215
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.101.044907
http://arxiv.org/abs/1910.07678
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
http://arxiv.org/abs/2211.04384
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
http://arxiv.org/abs/1210.5482
https://doi.org/10.1103/PhysRevLett.121.032301
http://arxiv.org/abs/1707.01988
https://doi.org/10.1103/PhysRevLett.105.252302
http://arxiv.org/abs/1011.3914
https://doi.org/10.1016/j.physletb.2014.05.064
http://arxiv.org/abs/1311.0214
https://doi.org/10.1103/PhysRevLett.106.192301
https://doi.org/10.1103/PhysRevLett.106.192301
http://arxiv.org/abs/1011.2783
https://doi.org/10.1016/j.physletb.2011.12.041
https://doi.org/10.1016/j.physletb.2011.12.041
http://arxiv.org/abs/1110.3033
https://doi.org/10.1140/epja/i2012-12163-9
https://doi.org/10.1140/epja/i2012-12163-9
http://arxiv.org/abs/1207.2396
https://doi.org/10.1142/S0217751X13400113
https://doi.org/10.1142/S0217751X13400113
http://arxiv.org/abs/1301.5893
https://doi.org/10.1038/s41567-019-0611-8
https://doi.org/10.1038/s41567-019-0611-8
https://doi.org/10.1016/j.physletb.2016.12.009
http://arxiv.org/abs/1606.06198
https://doi.org/10.1103/PhysRevC.96.024908
http://arxiv.org/abs/1609.06213
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
http://arxiv.org/abs/2405.10785
https://doi.org/10.1103/PhysRevLett.114.252302
http://arxiv.org/abs/1504.02175
https://doi.org/10.1103/PhysRevC.94.054910
https://doi.org/10.1103/PhysRevC.94.054910
http://arxiv.org/abs/1509.07784
https://doi.org/10.1103/PhysRevLett.123.142301
http://arxiv.org/abs/1903.01790
https://doi.org/10.1103/PhysRevC.90.054901
https://doi.org/10.1103/PhysRevC.90.054901
http://arxiv.org/abs/1406.2474
https://doi.org/10.1103/PhysRevLett.116.222302
http://arxiv.org/abs/1512.06104


  866 Page 16 of 24 Eur. Phys. J. C           (2025) 85:866 

28. ALICE Collaboration, S. Acharya et al., Two particle differential
transverse momentum and number density correlations in p–Pb and
Pb–Pb at the LHC. Phys. Rev. C 100, 044903 (2019). https://doi.
org/10.1103/PhysRevC.100.044903. arXiv:1805.04422 [nucl-ex]

29. S. Basu, V. Gonzalez, J. Pan, A. Knospe, A. Marin, C. Markert, C.
Pruneau, Differential two-particle number and momentum correla-
tions with the AMPT, UrQMD, and EPOS models in Pb-Pb colli-
sions at

√
sNN=2.76 TeV. Phys. Rev. C 104, 064902 (2021). https://

doi.org/10.1103/PhysRevC.104.064902. arXiv:2001.07167 [nucl-
ex]

30. ALICE Collaboration, J. Adam et al., Multiplicity and trans-
verse momentum evolution of charge-dependent correlations in
pp, p–Pb, and Pb–Pb collisions at the LHC. Eur. Phys. J. C
76, 86 (2016). https://doi.org/10.1140/epjc/s10052-016-3915-1.
arXiv:1509.07255 [nucl-ex]

31. ALICE Collaboration, J. Adam et al., Flow dominance and factor-
ization of transverse momentum correlations in Pb–Pb collisions
at the LHC. Phys. Rev. Lett. 118, 162302 (2017). https://doi.org/
10.1103/PhysRevLett.118.162302. arXiv:1702.02665 [nucl-ex]

32. S. Basu, S. Chatterjee, R. Chatterjee, T.K. Nayak, B.K. Nandi, Spe-
cific heat of matter formed in relativistic nuclear collisions. Phys.
Rev. C 94, 044901 (2016). https://doi.org/10.1103/PhysRevC.94.
044901. arXiv:1601.05631 [nucl-ex]

33. S. Basu, S. Thakur, T.K. Nayak, C.A. Pruneau, Multiplicity and
pseudorapidity density distributions of charged particles produced
in pp, pA and AA collisions at RHIC & LHC energies. J. Phys.
G 48, 025103 (2020). https://doi.org/10.1088/1361-6471/abc05c.
arXiv:2008.07802 [nucl-ex]

34. ALICE Collaboration, B. Abelev et al., Centrality determination
of Pb–Pb collisions at

√
sNN = 2.76 TeV with ALICE. Phys. Rev. C

88, 044909 (2013). https://doi.org/10.1103/PhysRevC.88.044909.
arXiv:1301.4361 [nucl-ex]

35. M. Sharma, C. Pruneau, Methods for the study of trans-
verse momentum differential correlations. Phys. Rev. C
79, 024905 (2009). https://doi.org/10.1103/PhysRevC.79.024905.
arXiv:0810.0716 [nucl-ex]

36. B. Sahoo, B.K. Nandi, P. Pujahari, S. Basu, C. Pruneau, Simula-
tion studies of R2 (�η,�ϕ) and P2 (�η,�ϕ) correlation functions
in pp collisions with the PYTHIA and HERWIG models. Phys.
Rev. C 100, 024909 (2019). https://doi.org/10.1103/PhysRevC.
100.024909. arXiv:1810.09747 [nucl-ex]

37. CMS Collaboration, A. Tumasyan et al., Multiplicity and trans-
verse momentum dependence of charge-balance functions in pPb
and PbPb collisions at LHC energies. JHEP 08, 148 (2024). https://
doi.org/10.1007/JHEP08(2024)148. arXiv:2307.11185 [nucl-ex]

38. S. Pratt, W.P. McCormack, C. Ratti, Production of charge in heavy
ion collisions. Phys. Rev. C 92, 064905 (2015). https://doi.org/10.
1103/PhysRevC.92.064905. arXiv:1508.07031 [nucl-th]

39. S. Pratt, C. Plumberg, Determining the diffusivity for light quarks
from experiment. Phys. Rev. C 102, 044909 (2020). https://doi.org/
10.1103/PhysRevC.102.044909. arXiv:1904.11459 [nucl-th]

40. C.A. Pruneau, Data Analysis Techniques for Physical Scientists
(Cambridge University Press, Cambridge, 2017). https://doi.org/
10.1017/9781108241922

41. S.A. Bass, P. Danielewicz, S. Pratt, Clocking hadronization in rel-
ativistic heavy ion collisions with balance functions. Phys. Rev.
Lett. 85, 2689–2692 (2000). https://doi.org/10.1103/PhysRevLett.
85.2689. arXiv:nucl-th/0005044

42. C. Pruneau, S. Gavin, S. Voloshin, Methods for the study of particle
production fluctuations. Phys. Rev. C 66, 044904 (2002). https://
doi.org/10.1103/PhysRevC.66.044904. arXiv:nucl-ex/0204011

43. ALICE Collaboration, J. Adam et al., Measurement of pion, kaon
and proton production in proton–proton collisions at

√
s = 7

TeV. Eur. Phys. J. C 75, 226 (2015). https://doi.org/10.1140/epjc/
s10052-015-3422-9. arXiv:1504.00024 [nucl-ex]

44. ALICECollaboration, S. Acharya et al., General balance functions
of identified charged hadron pairs of (π ,K,p) in Pb–Pb collisions
at

√
sNN= 2.76 TeV. Phys. Lett. B 833, 137338 (2022). https://doi.

org/10.1016/j.physletb.2022.137338. arXiv:2110.06566 [nucl-ex]
45. ALICE Collaboration, B.B. Abelev et al., Performance of the

ALICE Experiment at the CERN LHC. Int. J. Mod. Phys. A 29,
1430044 (2014). https://doi.org/10.1142/S0217751X14300440.
arXiv:1402.4476 [nucl-ex]

46. ALICE Collaboration, K. Aamodt et al., The ALICE experiment
at the CERN LHC. JINST 3, S08002 (2008). https://doi.org/10.
1088/1748-0221/3/08/S08002

47. ALICE Collaboration, E. Abbas et al., Performance of the ALICE
VZERO system. JINST 8, P10016 (2013). https://doi.org/10.1088/
1748-0221/8/10/P10016. arXiv:1306.3130 [nucl-ex]

48. J. Alme et al., The ALICE TPC, a large 3-dimensional tracking
device with fast readout for ultra-high multiplicity events. Nucl.
Instrum. Methods A 622, 316–367 (2010). https://doi.org/10.1016/
j.nima.2010.04.042. arXiv:1001.1950 [physics.ins-det]

49. ALICE Collaboration, J. Adam et al., Charged-particle multiplici-
ties in proton–proton collisions at

√
s = 0.9 to 8 TeV. Eur. Phys. J.

C 77, 33 (2017). https://doi.org/10.1140/epjc/s10052-016-4571-1.
arXiv:1509.07541 [nucl-ex]

50. P. Skands, S. Carrazza, J. Rojo, Tuning PYTHIA 8.1: the Monash
2013 Tune. Eur. Phys. J. C 74, 3024 (2014). https://doi.org/10.
1140/epjc/s10052-014-3024-y. arXiv:1404.5630 [hep-ph]

51. GEANT4 Collaboration, S. Agostinelli et al., GEANT4—a sim-
ulation toolkit. Nucl. Instrum. Methods A 506, 250–303 (2003).
https://doi.org/10.1016/S0168-9002(03)01368-8

52. B. Andersson, G. Gustafson, G. Ingelman, T. Sjostrand, Parton
fragmentation and string dynamics. Phys. Rep. 97, 31–145 (1983).
https://doi.org/10.1016/0370-1573(83)90080-7

53. T. Sjostrand, S. Mrenna, P.Z. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 852–867 (2008).
https://doi.org/10.1016/j.cpc.2008.01.036. arXiv:0710.3820 [hep-
ph]

54. P.R. Bevington, D.K. Robinson, Data Reduction and Error Anal-
ysis for the Physical Sciences, 3rd edn. (McGraw-Hill, New York,
2003)

55. R. Barlow, Systematic errors: facts and fictions.
arXiv:hep-ex/0207026

56. ALICE Collaboration, S. Acharya et al., Common femto-
scopic hadron-emission source in pp collisions at the LHC.
arXiv:2311.14527 [hep-ph]

57. PHENIX Collaboration, A. Adare et al., Transverse momentum
and centrality dependence of dihadron correlations in Au+Au col-
lisions at

√
sNN = 200 GeV: Jjet-quenching and the response of

partonic matter. Phys. Rev. C 77, 011901 (2008). https://doi.org/
10.1103/PhysRevC.77.011901. arXiv:0705.3238 [nucl-ex]

58. STAR Collaboration, J. Adams et al., Delta phi delta eta corre-
lations in central Au+Au collisions at

√
sNN = 200 GeV. Phys.

Rev. C 75, 034901 (2007). https://doi.org/10.1103/PhysRevC.75.
034901. arXiv:nucl-ex/0607003

59. STAR Collaboration, B.I. Abelev et al., Long range rapidity corre-
lations and jet production in high energy nuclear collisions. Phys.
Rev. C 80, 064912 (2009). https://doi.org/10.1103/PhysRevC.80.
064912. arXiv:0909.0191 [nucl-ex]

60. PHENIX Collaboration, A. Adare et al., Dihadron azimuthal cor-
relations in Au+Au collisions at

√
sNN= 200 GeV. Phys. Rev. C

78, 014901 (2008). https://doi.org/10.1103/PhysRevC.78.014901.
arXiv:0801.4545 [nucl-ex]

61. ATLAS Collaboration, G. Aad et al., Observation of long-
range elliptic azimuthal anisotropies in

√
s =13 and 2.76 TeV

pp collisions with the ATLAS detector. Phys. Rev. Lett. 116,
172301 (2016). https://doi.org/10.1103/PhysRevLett.116.172301.
arXiv:1509.04776 [hep-ex]

123

https://doi.org/10.1103/PhysRevC.100.044903
https://doi.org/10.1103/PhysRevC.100.044903
http://arxiv.org/abs/1805.04422
https://doi.org/10.1103/PhysRevC.104.064902
https://doi.org/10.1103/PhysRevC.104.064902
http://arxiv.org/abs/2001.07167
https://doi.org/10.1140/epjc/s10052-016-3915-1
http://arxiv.org/abs/1509.07255
https://doi.org/10.1103/PhysRevLett.118.162302
https://doi.org/10.1103/PhysRevLett.118.162302
http://arxiv.org/abs/1702.02665
https://doi.org/10.1103/PhysRevC.94.044901
https://doi.org/10.1103/PhysRevC.94.044901
http://arxiv.org/abs/1601.05631
https://doi.org/10.1088/1361-6471/abc05c
http://arxiv.org/abs/2008.07802
https://doi.org/10.1103/PhysRevC.88.044909
http://arxiv.org/abs/1301.4361
https://doi.org/10.1103/PhysRevC.79.024905
http://arxiv.org/abs/0810.0716
https://doi.org/10.1103/PhysRevC.100.024909
https://doi.org/10.1103/PhysRevC.100.024909
http://arxiv.org/abs/1810.09747
https://doi.org/10.1007/JHEP08(2024)148
https://doi.org/10.1007/JHEP08(2024)148
http://arxiv.org/abs/2307.11185
https://doi.org/10.1103/PhysRevC.92.064905
https://doi.org/10.1103/PhysRevC.92.064905
http://arxiv.org/abs/1508.07031
https://doi.org/10.1103/PhysRevC.102.044909
https://doi.org/10.1103/PhysRevC.102.044909
http://arxiv.org/abs/1904.11459
https://doi.org/10.1017/9781108241922
https://doi.org/10.1017/9781108241922
https://doi.org/10.1103/PhysRevLett.85.2689
https://doi.org/10.1103/PhysRevLett.85.2689
http://arxiv.org/abs/nucl-th/0005044
https://doi.org/10.1103/PhysRevC.66.044904
https://doi.org/10.1103/PhysRevC.66.044904
http://arxiv.org/abs/nucl-ex/0204011
https://doi.org/10.1140/epjc/s10052-015-3422-9
https://doi.org/10.1140/epjc/s10052-015-3422-9
http://arxiv.org/abs/1504.00024
https://doi.org/10.1016/j.physletb.2022.137338
https://doi.org/10.1016/j.physletb.2022.137338
http://arxiv.org/abs/2110.06566
https://doi.org/10.1142/S0217751X14300440
http://arxiv.org/abs/1402.4476
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/8/10/P10016
http://arxiv.org/abs/1306.3130
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042
http://arxiv.org/abs/1001.1950
https://doi.org/10.1140/epjc/s10052-016-4571-1
http://arxiv.org/abs/1509.07541
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
http://arxiv.org/abs/1404.5630
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/hep-ex/0207026
http://arxiv.org/abs/2311.14527
https://doi.org/10.1103/PhysRevC.77.011901
https://doi.org/10.1103/PhysRevC.77.011901
http://arxiv.org/abs/0705.3238
https://doi.org/10.1103/PhysRevC.75.034901
https://doi.org/10.1103/PhysRevC.75.034901
http://arxiv.org/abs/nucl-ex/0607003
https://doi.org/10.1103/PhysRevC.80.064912
https://doi.org/10.1103/PhysRevC.80.064912
http://arxiv.org/abs/0909.0191
https://doi.org/10.1103/PhysRevC.78.014901
http://arxiv.org/abs/0801.4545
https://doi.org/10.1103/PhysRevLett.116.172301
http://arxiv.org/abs/1509.04776


Eur. Phys. J. C           (2025) 85:866 Page 17 of 24   866 

62. CMS Collaboration, V. Khachatryan et al., Observation of long-
range near-side angular correlations in proton-proton collisions
at the LHC. JHEP 09, 091 (2010). https://doi.org/10.1007/
JHEP09(2010)091. arXiv:1009.4122 [hep-ex]

63. CMS Collaboration, V. Khachatryan et al., Measurement of long-
range near-side two-particle angular correlations in pp collisions at√
s =13 TeV. Phys. Rev. Lett. 116, 172302 (2016). https://doi.org/

10.1103/PhysRevLett.116.172302. arXiv:1510.03068 [nucl-ex]
64. ALICECollaboration, B. Abelev et al., Pion, kaon, and proton pro-

duction in central Pb–Pb collisions at
√
sNN = 2.76 TeV. Phys. Rev.

Lett. 109, 252301 (2012). https://doi.org/10.1103/PhysRevLett.
109.252301. arXiv:1208.1974 [hep-ex]

65. ALICE Collaboration, J. Adam et al., Two-pion femtoscopy in p–
Pb collisions at

√
sNN = 5.02 TeV. Phys. Rev. C. 91, 034906 (2015).

https://doi.org/10.1103/PhysRevC.91.034906. arXiv:1502.00559
[nucl-ex]

66. S. Pratt, C. Plumberg, Evolving charge correlations in a hybrid
model with both hydrodynamics and hadronic Boltzmann descrip-
tions. Phys. Rev. C 99, 044916 (2019). https://doi.org/10.1103/
PhysRevC.99.044916. arXiv:1812.05649 [nucl-th]

67. ALICE Collaboration, J. Adam et al., Pseudorapidity and
transverse-momentum distributions of charged particles in

proton–proton collisions at
√
s = 13 TeV. Phys. Lett. B 753,

319–329 (2016). https://doi.org/10.1016/j.physletb.2015.12.030.
arXiv:1509.08734 [nucl-ex]

68. ALICE Collaboration, S. Acharya et al., Longitudinal and
azimuthal evolution of two-particle transverse momentum cor-
relations in Pb–Pb collisions at

√
sNN = 2.76 TeV. Phys. Lett.

B 804, 135375 (2020). https://doi.org/10.1016/j.physletb.2020.
135375. arXiv:1910.14393 [nucl-ex]

69. V. Gonzalez, S. Basu, P. Ladron De Guevara, A. Marin, J. Pan,
C.A. Pruneau, Extraction of the specific shear viscosity of quark-
gluon plasma from two-particle transverse momentum correla-
tions. Eur. Phys. J. C 81, 465 (2021). https://doi.org/10.1140/epjc/
s10052-021-09260-z. arXiv:2012.10542 [nucl-ex]

70. ALICECollaboration, B.B. Abelev et al., Multiplicity dependence
of the average transverse momentum in pp, p–Pb, and Pb–Pb col-
lisions at the LHC. Phys. Lett. B 727, 371–380 (2013). https://doi.
org/10.1016/j.physletb.2013.10.054. arXiv:1307.1094 [nucl-ex]

123

https://doi.org/10.1007/JHEP09(2010)091
https://doi.org/10.1007/JHEP09(2010)091
http://arxiv.org/abs/1009.4122
https://doi.org/10.1103/PhysRevLett.116.172302
https://doi.org/10.1103/PhysRevLett.116.172302
http://arxiv.org/abs/1510.03068
https://doi.org/10.1103/PhysRevLett.109.252301
https://doi.org/10.1103/PhysRevLett.109.252301
http://arxiv.org/abs/1208.1974
https://doi.org/10.1103/PhysRevC.91.034906
http://arxiv.org/abs/1502.00559
https://doi.org/10.1103/PhysRevC.99.044916
https://doi.org/10.1103/PhysRevC.99.044916
http://arxiv.org/abs/1812.05649
https://doi.org/10.1016/j.physletb.2015.12.030
http://arxiv.org/abs/1509.08734
https://doi.org/10.1016/j.physletb.2020.135375
https://doi.org/10.1016/j.physletb.2020.135375
http://arxiv.org/abs/1910.14393
https://doi.org/10.1140/epjc/s10052-021-09260-z
https://doi.org/10.1140/epjc/s10052-021-09260-z
http://arxiv.org/abs/2012.10542
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1016/j.physletb.2013.10.054
http://arxiv.org/abs/1307.1094


  866 Page 18 of 24 Eur. Phys. J. C           (2025) 85:866 

ALICE Collaboration�

S. Acharya126 , A. Agarwal134, G. Aglieri Rinella32 , L. Aglietta24 , M. Agnello29 , N. Agrawal25 ,
Z. Ahammed134 , S. Ahmad15 , S. U. Ahn71 , I. Ahuja36 , A. Akindinov140 , V. Akishina38, M. Al-Turany96 ,
D. Aleksandrov140 , B. Alessandro56 , H. M. Alfanda6 , R. Alfaro Molina67 , B. Ali15 , A. Alici25 ,
N. Alizadehvandchali115 , A. Alkin103 , J. Alme20 , G. Alocco24,52 , T. Alt64 , A. R. Altamura50 , I. Altsybeev94 ,
J. R. Alvarado44 , M. N. Anaam6 , C. Andrei45 , N. Andreou114 , A. Andronic125 , E. Andronov140 ,
V. Anguelov93 , F. Antinori54 , P. Antonioli51 , N. Apadula73 , L. Aphecetche102 , H. Appelshäuser64 ,
C. Arata72 , S. Arcelli25 , R. Arnaldi56 , J. G. M. C. A. Arneiro109 , I. C. Arsene19 , M. Arslandok137 ,
A. Augustinus32 , R. Averbeck96 , D. Averyanov140 , M. D. Azmi15 , H. Baba123, A. Badalà53 , J. Bae103 ,
Y. Bae103, Y. W. Baek40 , X. Bai119 , R. Bailhache64 , Y. Bailung48 , R. Bala90 , A. Balbino29 , A. Baldisseri129 ,
B. Balis2 , Z. Banoo90 , V. Barbasova36, F. Barile31 , L. Barioglio56 , M. Barlou77, B. Barman41, G. G. Barnaföldi46 ,
L. S. Barnby114 , E. Barreau102 , V. Barret126 , L. Barreto109 , C. Bartels118 , K. Barth32 , E. Bartsch64 ,
N. Bastid126 , S. Basu74 , G. Batigne102 , D. Battistini94 , B. Batyunya141 , D. Bauri47, J. L. Bazo Alba100 ,
I. G. Bearden82 , C. Beattie137 , P. Becht96 , D. Behera48 , I. Belikov128 , A. D. C. Bell Hechavarria125 ,
F. Bellini25 , R. Bellwied115 , S. Belokurova140 , L. G. E. Beltran108 , Y. A. V. Beltran44 , G. Bencedi46 ,
A. Bensaoula115, S. Beole24 , Y. Berdnikov140 , A. Berdnikova93 , L. Bergmann93 , M. G. Besoiu63 ,
L. Betev32 , P. P. Bhaduri134 , A. Bhasin90 , B. Bhattacharjee41 , L. Bianchi24 , J. Bielčík34 , J. Bielčíková85 ,
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