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Correlations between moments of different flow coefficients are measured in Pb–Pb collisions at √sNN =
5.02 TeV recorded with the ALICE detector. These new measurements are based on multiparticle mixed 
harmonic cumulants calculated using charged particles in the pseudorapidity region |η| < 0.8 with the 
transverse momentum range 0.2 < pT < 5.0 GeV/c. The centrality dependence of correlations between 
two flow coefficients as well as the correlations between three flow coefficients, both in terms of their 
second moments, are shown. In addition, a collection of mixed harmonic cumulants involving higher 
moments of v2 and v3 is measured for the first time, where the characteristic signature of negative, 
positive and negative signs of four-, six- and eight-particle cumulants are observed, respectively. The 
measurements are compared to the hydrodynamic calculations using iEBE-VISHNU with AMPT and 
TRENTo initial conditions. It is shown that the measurements carried out using the LHC Run 2 data 
in 2015 have the precision to explore the details of initial-state fluctuations and probe the nonlinear 
hydrodynamic response of v2 and v3 to their corresponding initial anisotropy coefficients ε2 and ε3. 
These new studies on correlations between three flow coefficients as well as correlations between higher 
moments of two different flow coefficients will pave the way to tighten constraints on initial-state models 
and help to extract precise information on the dynamic evolution of the hot and dense matter created in 
heavy-ion collisions at the LHC.

© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One of the fundamental questions in the phenomenology of 
quantum chromodynamics is what are the properties of matter at 
extreme densities and temperatures where quarks and gluons are 
in a state of matter called the quark–gluon plasma (QGP) [1,2]. 
High-energy heavy-ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN 
create such a state of strongly interacting matter allowing us to 
study its properties in the laboratory. Anisotropic flow is a key 
phenomenon that provides important information about the trans-
port properties of the created QGP matter. Due to large pressure 
gradients, the anisotropy of the overlapping region between two 
colliding nuclei causes an anisotropic distribution of the emitted 
particles in the final state. This anisotropic particle distribution can 
be quantified by anisotropic flow [3,4] which is characterized by 
the single-particle azimuthal distribution,

P (ϕ) = 1

2π

[
1 + 2

∞∑
n=1

vn cos n(ϕ − �n)

]
. (1)

� E-mail address: alice -publications @cern .ch.

Here ϕ is the azimuthal angle of the emitted particle, vn and �n

are the n-th order flow coefficient and flow symmetry plane, re-
spectively. Both vn and �n define the n-th order flow-vector as −→
Vn = vn ein�n . The size and direction of 

−→
Vn related to the initial 

anisotropy −→εn vector is defined by the moments of the shape of 
the transverse positions (r, φ) of the participating nucleons,

−→εn = εn e−in	n = −
〈
rn e−inφ

〉
〈rn〉 , (n > 1) (2)

where εn and 	n are the magnitude and orientation of −→εn , respec-
tively, and 〈 〉 stands for the average over all participating nucleons 
in the initial state. For lower orders, n = 2 and 3, originally a linear 
response of vn to εn was expected, with vn = κn εn [5,6] where κn

is a parameter that encodes the transport properties of the pro-
duced QGP. Later on, it was noticed in models that, already in 
semi-peripheral collisions, the correlation between the initial ε2
(ε3) and the final-state v2 (v3) is not completely linear, with a 
non-negligible spread in the correlation between vn and εn [7]. 
Such a nonlinear response of lower-order vn should be related to 
the dynamic evolution of the system, but it was briefly investigated 
in previous studies [7–9]. For the higher orders, n ≥ 4, 

−→
Vn receives 

a significant nonlinear hydrodynamic response from −→ε 2,3 in non-
central collisions, which was studied in great detail [10–17].
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One can describe the distribution of final-state anisotropies 
using a joint probability density function (p.d. f .) in terms of 
vn and �n as P (vm, vn, ..., �m, �n, ...). This is sensitive to the 
spatial anisotropy εn , its event-by-event fluctuations, the correla-
tions between different orders of anisotropy coefficients and ini-
tial participant planes 	n carried by P (εm, εn, ..., 	m, 	n, ...) and 
it also reflects the early state dynamics and the transport prop-
erties of the QGP. Although ideally one would like to measure 
P (vm, vn, ..., �m, �n, ...), this is not straightforward to achieve in 
experiments, but what can be measured are the projections of the 
full p.d. f . on a finite number of variables [18]. Most of these pro-
jected distributions could be classified into the following types: (1) 
vn fluctuations P (vn) for both integrated and differential vn mea-
surements, (2) �n fluctuations P (�n) in different phase space, (3) 
correlations involving only flow coefficients P (vm, vn, ...), (4) cor-
relations involving only flow symmetry planes P (�m, �n, ..) and 
(5) mixed correlations carrying both flow coefficients and flow 
symmetry planes.

The vn coefficients were measured up to the ninth order with 
an unprecedented degree of precision [16]. The full p.d. f . of sin-
gle vn coefficients P (vn) was either measured with a Bayesian 
unfolding procedure [19,20] (for n = 2, 3 and 4) or constructed 
via the measured moments (for n = 2) [21]. It was found that 
the P (vn) distribution, which originates from the p.d. f . of initial-
state εn distribution P (εn), is described better by an elliptic-power 
function than a Bessel-Gaussian function [21]. It was also re-
alized that during the expansion the produced particles might 
not share a common flow symmetry plane at different trans-
verse momenta, pT, and pseudorapidity, η [22,23]. These trans-
verse momentum and pseudorapidity dependent flow vectors fluc-
tuate event-by-event, which also breaks the factorization of two-
particle correlations V (pt

T, p
a
T) into the product of flow coeffi-

cients vn(pt
T) · vn(pa

T) [24–26]. Such phenomena were predicted 
by hydrodynamic calculations and are found to be sensitive to 
the initial-state density fluctuations and/or to the specific shear 
viscosity of the expanding medium [22,23,27]. In addition, analy-
ses of correlations between different order flow vectors [13,28,29]
show promise to shed additional light on the initial-state condi-
tions. The correlations between different order symmetry planes 
were initially investigated in the observable v2n/�n [30–33]. This 
was followed by measurements of nonlinear flow modes of higher 
harmonics by ALICE [14–16,33] as well as event-plane correlations 
by ATLAS [28].

The correlation observables involving only anisotropic flow co-
efficients vm and vn were at first measured with event-shape 
engineering studies [13] proceeded by investigations using sym-
metric cumulants [34], defined as SC(m, n) = 〈

v2
n v2

m

〉− 〈
v2

n

〉 〈
v2

m

〉
. To 

study such correlations without the dependence on individual flow 
coefficients, the normalized symmetric cumulant N SC(m, n) was 
further proposed [29]. It was found that N SC(3, 2), which studies 
the correlations between v2

2 and v2
3, is very sensitive to the ini-

tial conditions and can be used as a good tool to probe initial state 
ε2

2 and ε2
3 correlations. On the other hand, N SC(4, 2) and also N SC

involving higher order flow coefficients, are sensitive to both initial 
conditions and the QGP properties. Thus, these N SC measurements 
have the potential to distinguish between various models of QGP 
evolution in hydrodynamic and transport models [9,34–37].

It is evident that the study of correlations between various mo-
ments of different flow coefficients will deepen our knowledge of 
the joint p.d. f . for flow magnitudes and angles. However, only 
correlations involving the second moments of two flow coeffi-
cients, v2

n and v2
m , have been measured utilizing SC(m, n) while 

the rest have not yet been explored in experiments. In this Let-
ter, an additional step has been made in this direction by using 
mixed harmonic cumulants (M HC ) [38] to investigate correlations 
involving more than two different flow coefficients and to study 

the relationship between higher moments of different flow coeffi-
cients in heavy-ion collisions at the LHC. These new measurements 
establish a milestone for the study of the underlying p.d. f . from 
P (vn) to P (vn, vm...), and significantly improve the overall under-
standing of the initial conditions and the transport properties of 
the created QGP at the LHC.

2. Observables and methods

The multiparticle cumulant of mixed harmonics that involves 
only flow coefficients, named M HC , was introduced in Ref. [38]. It 
is defined as an m-observable cumulant [39] in terms of azimuthal 
angles. By construction, lower order correlations have been sub-
tracted to form genuine multiparticle correlations. Thus, M HC
is expected to be insensitive to non-flow effects. This was con-
firmed in the study of M HC using the HIJING model [40], which 
does not generate collective flow phenomena [38]. For M HC in-
volving only two flow coefficients of second-order, it is identical 
with the previously defined four-particle symmetric cumulants, i.e. 
M HC(v2

m, v2
n) = SC(m, n). The six-particle cumulant M HC involv-

ing v4
2 and v2

3 is

M HC(v4
2, v2

3)

= 〈〈cos(2ϕ1 + 2ϕ2 + 3ϕ3 − 2ϕ4 − 2ϕ5 − 3ϕ6)〉〉
−4 〈〈cos(2ϕ1 + 3ϕ2 − 2ϕ3 − 3ϕ4)〉〉 〈〈cos(2ϕ1 − 2ϕ2)〉〉
−〈〈cos(2ϕ1 + 2ϕ2 − 2ϕ3 − 2ϕ4)〉〉 〈〈cos(3ϕ1 − 3ϕ2)〉〉
+4 〈〈cos(2ϕ1 − 2ϕ2)〉〉2 〈〈cos(3ϕ1 − 3ϕ2)〉〉 . (3)

Here the double angular brackets indicate the averaging proce-
dure performed first over all possible combinations of m-particle 
tuples that form the m-particle correlation and subsequently the 
weighted average of all events is calculated with the number of 
combinations used as an event weight [41]. In the above expres-
sions, lower order (i.e. two- and four-particle) correlations were 
removed from the six-particle correlation, which results in a gen-
uine six-particle correlation between v4

2 and v2
3. One can rewrite 

the expression in terms of flow coefficients v2 and v3,

M HC(v4
2, v2

3) =
〈
v4

2 v2
3

〉
− 4

〈
v2

2 v2
3

〉 〈
v2

2

〉
−

〈
v4

2

〉 〈
v2

3

〉
+ 4

〈
v2

2

〉2 〈
v2

3

〉
. (4)

Likewise, one can define other six-particle mixed harmonic cu-
mulants that contain v2

2 and v2
3 or v2

2, v2
3 and v2

4, in terms of flow 
coefficients,

M HC(v2
2, v4

3) =
〈
v2

2 v4
3

〉
− 4

〈
v2

2 v2
3

〉 〈
v2

3

〉
−

〈
v4

3

〉 〈
v2

2

〉
+ 4

〈
v2

2

〉 〈
v2

3

〉2
, (5)

M HC(v2
2, v2

3, v2
4) =

〈
v2

2 v2
3 v2

4

〉
−

〈
v2

2 v2
3

〉 〈
v2

4

〉
−

〈
v2

2 v2
4

〉 〈
v2

3

〉
−

〈
v2

3 v2
4

〉 〈
v2

2

〉
+ 2

〈
v2

2

〉 〈
v2

3

〉 〈
v2

4

〉
. (6)

Note in general M HC(v2
m, v2

n, v2
p) is different from the so-called 

higher order symmetric cumulant SC(m, n, k) proposed in [42]. 
However, M HC(v2

2, v
2
3, v

2
4) happens to be the same as SC(2, 3, 4).

Similarly, the eight-particle mixed harmonic cumulant is de-
fined as an eight-observable cumulant, which can be written in 
terms of flow coefficients,

2
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M HC(v6
2, v2

3) =
〈
v6

2 v2
3

〉
− 9

〈
v4

2 v2
3

〉 〈
v2

2

〉
−

〈
v6

2

〉 〈
v2

3

〉
− 9

〈
v4

2

〉 〈
v2

2 v2
3

〉
− 36

〈
v2

2

〉3 〈
v2

3

〉
+18

〈
v2

2

〉 〈
v2

3

〉 〈
v4

2

〉
+ 36

〈
v2

2

〉2 〈
v2

2 v2
3

〉
, (7)

M HC(v4
2, v4

3) =
〈
v4

2 v4
3

〉
− 4

〈
v4

2 v2
3

〉 〈
v2

3

〉
− 4

〈
v2

2 v4
3

〉 〈
v2

2

〉
−

〈
v4

2

〉 〈
v4

3

〉
− 8

〈
v2

2 v2
3

〉2 − 24
〈
v2

2

〉2 〈
v2

3

〉2

+ 4
〈
v2

2

〉2 〈
v4

3

〉
+ 4

〈
v4

2

〉 〈
v2

3

〉2

+ 32
〈
v2

2

〉 〈
v2

3

〉 〈
v2

2 v2
3

〉
, (8)

M HC(v2
2, v6

3) =
〈
v2

2 v6
3

〉
− 9

〈
v2

2 v4
3

〉 〈
v2

3

〉
−

〈
v6

3

〉 〈
v2

2

〉
− 9

〈
v4

3

〉 〈
v2

2 v2
3

〉
− 36

〈
v2

2

〉 〈
v2

3

〉3

+18
〈
v2

2

〉 〈
v2

3

〉 〈
v4

3

〉
+ 36

〈
v2

3

〉2 〈
v2

2 v2
3

〉
. (9)

To study genuine multiparticle correlations that are indepen-
dent of the magnitude of the flow coefficients, the normalized 
mixed harmonic cumulants nM HC involving two flow coefficients 
vm and vn are constructed according to:

nM HC(vk
m, vl

n) = M HC(vk
m, vl

n)〈
vk

m
〉 〈

vl
n
〉 , (10)

Here mk �= nl to ensure that nM HC(vk
m, vl

n) does not contain flow 
symmetry plane correlations. The expression of Eq. (10) is also in-
dependent of the magnitudes of vm and vn and can therefore be 
used to quantitatively compare genuine correlations between vk

m
and vl

n determined from experimental data to those determined 
from the model calculations. Analogously, for M HC involving three 
flow coefficients without flow symmetry plane correlations, we de-
fine the corresponding nM HC ,

nM HC(vk
m, vl

n, vq
p) = M HC(vk

m, vl
n, vq

p)〈
vk

m
〉 〈

vl
n
〉 〈

vq
p
〉 . (11)

Here mk �= nl �= pq , and the sum of any two of mk , nl and pq is 
not equal the third term to avoid flow symmetry plane correla-
tions. Since systematic studies of vn coefficients were carried out 
for n = 1 − 9 in a previous work [16], this Letter focuses only 
on the normalized measurements to avoid repeating the earlier 
discussions on the vn coefficients themselves. Additionally, multi-
particle correlations with sub-event method have been used in the 
normalizations [14,43], to suppress potential non-flow contamina-
tion.

In general, one should be able to construct arbitrary mixed 
harmonic cumulants to any order. However, due to the limited 
amount of data available, mixed harmonic cumulants higher than 
the eighth order will not be examined here. All of the previously 
mentioned two- and multiparticle azimuthal correlations can be 
measured by using the latest development of the generic algorithm 
for multiparticle azimuthal correlations [38].

3. Data sets and systematic uncertainty

This analysis uses data sample from Pb–Pb collisions at √sNN =
5.02 TeV recorded with the ALICE detector [44,45] during the LHC 
Run 2 (year 2015) data-taking period. Minimum bias events were 
triggered by a coincidence signal in the two scintillator arrays of 
the V0 detector, V0A and V0C, which cover the pseudorapidity 
ranges of 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively [46]. 

Only events with a reconstructed primary vertex within ±10 cm 
from the nominal interaction point along the beam direction were 
used in this analysis. Removal of background events from, e.g., 
beam interactions with the residual gas molecules in the beam 
pipe and pileup events was performed based on the information 
from the Silicon Pixel Detector (SPD) and the V0 detector. A sample 
of 55 × 106 Pb–Pb collisions, which passed these event selection 
criteria, were used for the analysis.

Charged tracks were reconstructed using the Inner Tracking 
System (ITS) [47] and the Time Projection Chamber (TPC) [48]. The 
selected tracks are required to have at least 70 TPC space points 
(out of a maximum of 159), and the average χ2 per degree of 
freedom of the track fit to the TPC space points is required to be 
lower than two. Additionally, a minimum of two hits are required 
in the ITS to improve the momentum resolution. A selection re-
quiring the pseudorapidity to be within |η| < 0.8 is applied. Tracks 
with a transverse momentum pT < 0.2 GeV/c or pT > 5.0 GeV/c
were rejected due to the magnetic field and to reduce the contri-
bution from jets, respectively [49]. In addition, a criterion on the 
maximum distance of closest approach of the track to the collision 
point of less than 2 cm in the longitudinal direction and less than 
a pT-dependent selection in the transverse direction, ranging from 
0.2 cm at pT = 0.2 GeV/c to 0.016 cm at pT = 5.0 GeV/c, was 
applied. This results in a residual contamination from secondary 
particles from weak decays and from interactions in the detector 
material of 1–3%, which is negligible in the final systematic un-
certainty. These selection criteria result in a transverse momentum 
dependent efficiency of track reconstruction of about 80%.

Numerous potential sources of systematic uncertainty were in-
vestigated in the analysis, including variations of the event and 
track selection and the uncertainty associated with possible re-
maining non-flow effects. These are the azimuthal angle corre-
lations not associated with the common flow symmetry planes, 
including contributions from jets, resonance decays, and are es-
timated using the HIJING model and found to be negligible for 
all of the presented observables. The variation of the results with 
the choice of collision centrality was calculated by alternatively 
using the SPD to estimate the event multiplicity and was found 
to contribute less than 5% for all observables. Results with oppo-
site polarities of the magnetic field within the ALICE detector and 
with narrowing the nominal ±10 cm range of the reconstructed 
vertex along the beam direction from the center of the ALICE de-
tector to 9, 8, and 7 cm showed a difference of 0–5.4% compared 
to results with the default selection criteria. The contribution from 
pileup events was investigated by varying the selections on the 
correlations between multiplicities from the V0 and SPD, and was 
found to be negligible. The sensitivity to the track selection criteria 
was explored by varying the number of TPC space points and by 
comparing the results to those obtained with tracks with different 
requirements on hits in the ITS. The effect of varying the number 
of TPC space points from 70 to 80 and 90 resulted in a negligible 
systematic uncertainty. Using different track requirements led to a 
difference with respect to the default selection criteria of less than 
4.3% except for nM HC(v2

2, v
2
3, v

2
4) where it was about 16%. The 

systematic uncertainty evaluated for each above-mentioned source 
found to be statistically significant according to the recommenda-
tion in [50] were added in quadrature to obtain the measurements’ 
total systematic uncertainty.

4. Results

The centrality dependence of mixed harmonic cumulants with 
two and three flow coefficients are measured in Pb–Pb collisions 
at 

√
sNN = 5.02 TeV. The results of nM HC(v2

2, v
2
3), nM HC(v2

2, v
2
4), 

nM HC(v2
3, v

2
4), and nM HC(v2

2, v
2
3, v

2
4) are presented in Fig. 1 by 

blue solid circles, red solid squares, magenta solid stars and green 

3
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Fig. 1. Centrality dependence of nM HC(v2
2, v2

3), nM HC(v2
2, v2

4), nM HC(v2
3, v2

4) and 
nM HC(v2

2, v2
3, v2

4) in Pb–Pb collisions at √
sNN = 5.02 TeV, shown by the solid 

markers. The statistical (systematic) errors are shown with vertical bars (filled 
boxes). Comparisons to the previous measurements at 2.76 TeV from Refs. [29,51], 
shown by the open markers, are also presented. Data points are shifted for visibility.

diamonds, respectively. Positive values of nM HC(v2
2, v

2
4) and nega-

tive values of nM HC(v2
2, v

2
3) are observed for all centralities, which 

means that v2
2 and v2

4 are correlated while v2
2 and v2

3 are anti-
correlated. This indicates that finding v2 larger than 〈v2〉 in an 
event enhances the probability of finding v4 larger than 〈v4〉 and 
v3 smaller than 〈v3〉 in that event. For nM HC(v2

3, v
2
4), a similar 

centrality dependence as for nM HC(v2
2, v2

3) is seen for centrali-
ties above 20–30% where the nonlinear hydrodynamic response of −→
V 4 plays a significant role [14,16]. These new measurements are 
compared in Fig. 1 to the previously published results at 

√
sNN =

2.76 TeV, which were named SC(m, n) in Ref. [29,51], shown 
with open markers. The results of nM HC(v2

2, v2
3), nM HC(v2

2, v
2
4)

are compatible within uncertainties at the two different ener-
gies, which indicates a weak dependence on the collision en-
ergy of these two observables. However, there are differences for 
nM HC(v2

3, v
2
4) between the two studied energies, which increase 

towards central collisions. In particular, the measurement at 5.02 
TeV changes sign from negative to positive in central collisions, 
while it remains negative at the lower energy. A similar study of 
multiparticle cumulants in the most central collisions was inves-
tigated in great detail in Ref. [52], where a significant effect from 
centrality fluctuations was found in Pb–Pb collisions at 5.02 TeV. 
Moreover, the amplitude of the centrality fluctuations depends on 
how the centrality was determined.

Besides the measurements of correlations between two flow 
coefficients, the new measurement of correlations between three 
flow coefficients, nM HC(v2

2, v
2
3, v

2
4), is shown with green dia-

monds in Fig. 1. As introduced above, nM HC(v2
2, v2

3, v
2
4) is iden-

tical to SC(2, 3, 4), which has been recently measured at a lower 
energy [53]. By construction, the lower order few-particle correla-
tions have been subtracted from the higher order correlations in 
the nM HC . Thus, it is expected that nM HC(v2

2, v
2
3, v

2
4) should be 

consistent with zero, if the correlations between three flow coeffi-
cients are purely driven by the correlations between two flow co-
efficients. It is seen in Fig. 1 that the result of nM HC(v2

2, v2
3, v

2
4) is 

located between the nM HC(v2
2, v2

3), nM HC(v2
3, v

2
4) and nM HC(v2

2,

v2
4) for the centrality classes under study. More specifically, it 

is positive and closer to nM HC(v2
2, v

2
4) and nM HC(v2

3, v
2
4) in 

the most central collisions, then it changes sign to negative and 
shows a similar centrality dependence to nM HC(v2

2, v
2
3) and 

nM HC(v2
3, v

2
4) in non-central collisions. The non-zero result of 

nM HC(v2
2, v

2
3, v

2
4) for the presented centrality range shows the ex-

istence of genuine correlations between three flow coefficients and 
thus brings new information toward determining P (vn, vm, ...) that 
cannot be obtained from measurements of correlations between 
two flow coefficients.

In order to gain more information on the initial conditions and 
transport properties of the created QGP at the LHC, the results 
are compared with those from hydrodynamic model calculations. 
Results from the hybrid iEBE-VISHNU model with TRENTo initial 
conditions with specific shear viscosity η/s(T ) and bulk viscosity 
ζ/s(T ) extracted from the best fit of a Bayesian analysis [55] as 
well as calculations with AMPT-initial conditions with η/s = 0.08
and no bulk viscosity [54] are compared to the data. Both calcula-
tions can quantitatively describe the flow coefficients from inclu-
sive and identified hadrons [54,56] and also provide a reasonable 
description of more complicated flow observables, e.g., nonlinear 
modes of higher-order flow [15,16]. Besides these two calcula-
tions, the iEBE-VISHNU model with AMPT-initial conditions with 
η/s = 0.20 and no bulk viscosity is also used. This model does 
not describe the particle spectra nor the flow coefficients and thus 
should not be compared with the experimental data. In the re-
maining text, the hydrodynamic calculations using AMPT initial 
conditions and η/s = 0.08 will be refereed to as “AMPT calcula-
tions”. However, the comparison of hydrodynamic calculation from 
the same initial state model but with different η/s values can be 
very useful to study the sensitivity of various nM HC to the η/s of 
the QGP.

Comparisons of the measured nM HC(v2
2, v2

3) and nM HC(v2
2,v2

4)

to hydrodynamic calculations are shown in Fig. 2. In general, the 
hydrodynamic calculations with both AMPT and TRENTo initial 
conditions, shown as blue and red shadowed bands, respectively, 
predict qualitatively the centrality dependence of nM HC . In ad-
dition, as v2 and v3 are linearly correlated with the initial ε2
and ε3 in central and semi-central collisions, compatible results of 
the final-state nM HC(v2

2, v2
3) calculations and the nM HC(ε2

2, ε2
3)

calculations from the initial-state models are expected [38]. This 
is indeed shown by the shaded areas and the dashed lines in 
Fig. 2 (left). In the same figure, there is also no difference be-
tween the calculations using AMPT-initial conditions with different 
η/s values. This suggests that for the presented centrality ranges, 
v2

2 (v2
3) is linearly correlated with the initial ε2

2 (ε2
3 ). Thus, the 

nM HC(v2
2, v

2
3) measurements shown in Fig. 2 (left) can be used to 

directly constrain the correlations between the initial anisotropy 
coefficients ε2

2 and ε2
3 without much consideration of the exact 

value of the transport coefficients in the hydrodynamic models. 
For nM HC(v2

2, v
2
4) results shown in Fig. 2 (right), both calcu-

lations underestimate the data; the TRENTo calculation fits the 
data better in central collisions, while the AMPT calculation works 
slightly better for centralities above 20%. The initial-state calcula-
tions of nM HC(ε2

2, ε2
4) are significantly lower than the final-state 

nM HC(v2
2, v

2
4) calculations, which suggests that the correlation be-

tween v2
2 and v2

4 is not driven solely by the initial correlation 
between ε2

2 and ε2
4 , but it is mainly developed at later stages of 

the system’s dynamic evolution, especially the nonlinear response 
contribution to v4.

Figure 3 (left) compares hydrodynamic calculations with the 
nM HC(v2

3, v
2
4) measurement. In general, both models generate the 

same trend of centrality dependence as is seen in data. Notably, 
the AMPT calculations also predict the sign change in central col-
lisions, while the TRENTo calculations remain negative for the en-
tire centrality range. It has also been seen in Ref. [54] that the 
AMPT calculations always predict a positive correlation in the most 
central collisions at 2.76 and 5.02 TeV, while the TRENTo calcu-
lations are always negative at both collision energies. Although 
the hydrodynamic calculations of nM HC(v2

3, v2
4) from AMPT and 

TRENTo initial conditions are almost compatible for non-central 
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Fig. 2. Centrality dependence of nM HC(v2
2, v2

3) and nM HC(v2
2, v2

4) in Pb–Pb collisions at √sNN = 5.02 TeV (solid markers) and 2.76 TeV (open markers). Statistical un-
certainties are shown as vertical bars and systematic uncertainties as filled boxes. The iEBE-VISHNU calculations [54] for Pb–Pb collisions at 5.02 TeV with TRENTo initial 
conditions (red shadowed bands) and AMPT initial conditions (blue shadowed bands) are presented, together with the corresponding initial state calculations nM HC(ε2

2, ε2
3), 

nM HC(ε2
2 , ε2

4) from the TRENTo (red dot-dash lines) and AMPT model (blue long-dash lines). The same marker (line) styles and colors are used in later figures. Data points 
are shifted for visibility.

Fig. 3. Centrality dependence of nM HC(v2
3, v2

4) and nM HC(v2
2, v2

3, v2
4) in Pb–Pb collisions at √sNN = 5.02 TeV (solid markers) and 2.76 TeV (open markers). Statistical 

uncertainties are shown as vertical bars and systematic uncertainties as filled boxes. Data points are shifted for visibility.

collisions, the initial correlations between ε2
3 and ε2

4 , quantified 
by nM HC(ε2

3, ε2
4), are utterly different from the two initial-state 

models, and are far away from the final-state nM HC(v2
3, v2

4) cal-
culations. It could be attributed to a significant nonlinear hydro-
dynamic response in v4 from ε2

2 . This nonlinear contribution is 
strongly anti-correlated with ε2

3 and plays a dominant role in the 
final nM HC(v2

3, v
2
4) results for non-central collisions. On the other 

hand, in the same centrality region, the linear response of v4 to 
ε4 is rather weak [14], and the contributions from correlations be-
tween the initial ε2

3 and ε2
4 in the final nM HC(v2

3, v2
4) appear to 

be minor.
To extend the discussion from correlations of two flow coef-

ficients to three flow coefficients, the measurement of nM HC(v2
2,

v2
3, v

2
4) and its comparison to hydrodynamic calculations with both 

AMPT and TRENTo initial conditions are presented in Fig. 3 (right). 
In general, the agreement between the initial nM HC(ε2

2, ε2
3, ε2

4)

correlations and the final-state nM HC(v2
2, v

2
3, v

2
4) calculations 

worsens as the collision centrality becomes more peripheral, which 
can be expected due to the increasing contribution from the non-
linear hydrodynamic response in v4. Fig. 3 (right) also shows 
clearly that the calculation with AMPT initial conditions and 
η/s = 0.08 describes the data reasonably well. The calculation 
with η/s = 0.20 is two times larger than the one with η/s = 0.08. 
Such a difference is more significant compared to what has been 
seen in the correlations between two harmonics, where no obvi-
ous difference is observed for nM HC(v2

2, v
2
3) and nM HC(v2

3, v
2
4)

5
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Fig. 4. Centrality dependence of nM HC for Pb–Pb collisions at √sNN = 5.02 TeV. 
Statistical uncertainties are shown as vertical bars and systematic uncertainties as 
filled boxes. Data points are shifted for visibility.

and only a relatively small difference is seen for nM HC(v2
2, v2

4). 
This demonstrates the novelty of the new correlations between 
three flow coefficients constraining the transport properties of the 
QGP. However, despite the fact that the hydrodynamic calculations 
using TRENTo initial conditions are consistent with the measured 
nM HC(v2

2, v
2
3) and nM HC(v2

3, v
2
4), and also provide a reasonable 

description of the nM HC(v2
2, v

2
4) measurement, they significantly 

underestimate the data by roughly a factor of two. Considering an 
apparent discrepancy between the data and TRENTo calculations, 
there is little doubt that the hydrodynamic framework and its cor-
responding parameters can be better tuned in a future Bayesian 
analysis if this new nM HC(v2

2, v
2
3, v

2
4) measurement is used as 

an input. The first measurement of correlations between three 
harmonics provides additional independent constraints on the the-
oretical models beyond those provided by the correlations of two 
harmonics that have been studied before.

With the recently proposed observable nM HC , one can study 
not only the correlations between two or three different flow co-
efficients, in terms of their second moments, but also the corre-
lations between the kth order moment of vm and the lth order 
moment of vn where k ≥ 2, l ≥ 2. It is particularly interesting to 
study the correlations between various moments of v2 and v3 be-
cause in central and semi-central collisions, both v2 and v3 are 
linearly correlated to their corresponding initial eccentricities ε2
and ε3 [8,9]. Thus the measurement of nM HC(vk

2, vl
3) in central 

and semi-central collisions might provide a direct constraint on 
the initial correlation between 

〈
εk

2

〉
and 

〈
εl

3

〉
. This information is ex-

tremely important for the understanding of the initial conditions of 
heavy-ion collisions but it has never been measured before. Con-
versely, the potential nonlinearity of v2 and v3, more pronounced 
in peripheral collisions, strongly depends on the dynamical evolu-
tion of the created QGP. The study of nM HC(vk

2, v
l
3) will enable a 

new way to study this effect on v2 and v3.
The first measurements of nM HC(vk

2, v
l
3) are presented in 

Fig. 4. In addition to the negative value of nM HC(v2
2, v

2
3), which 

has been studied before, positive correlations are observed for 
both six-particle mixed harmonic cumulants nM HC(v4

2, v
2
3) and 

nM HC(v2
2, v

4
3). The eight-particle mixed harmonic cumulants 

nM HC(v6
2, v

2
3), nM HC(v4

2, v
4
3) and nM HC(v2

2, v
6
3) are all nega-

tive. Such characteristic negative, positive and negative signs of 
four-, six-, and eight-particle mixed harmonic cumulants, respec-
tively, are very similar to the previously measured pattern for 
two-, four-, six,- and eight-particle single harmonic cumulants 
in Pb–Pb collisions [21], which show positive, negative, positive, 

and negative signs, respectively. These findings agree qualitatively 
with the initial-state predictions based on the MC-Glauber [38], 
AMPT, and TRENTo models [54]. It should be pointed out that 
the measured negative nM HC(v2

2, v
2
3) shown above could only 

confirm the negative correlations of (v2
2, v

2
3), while the results 

presented in Fig. 4 illustrate further the positive correlations 
of (v4

2, v
2
3) and (v2

2, v
4
3) as well as the negative correlations of 

(v6
2, v

2
3), (v4

2, v
4
3) and (v2

2, v
6
3). Moreover, one can see the following 

hierarchy, |nM HC(v6
2, v

2
3)| > |nM HC(v2

2, v
2
3)| ≥ |nM HC(v4

2, v
2
3)| >

|nM HC(v4
2, v

4
3)| ≈ |nM HC(v2

2, v
4
3)| > |nM HC(v2

2, v
6
3)|. This agrees 

qualitatively with the predictions based on initial-state mod-
els [38,54]. Furthermore, the calculations based on the HIJING 
model [40], which does not generate anisotropic flow in the cre-
ated system, are consistent with zero [38], and thus do not repro-
duce the characteristic signs of the multiparticle mixed harmonic 
cumulants observed in experiments. Future studies with other 
non-flow models, i.e. PYTHIA [57,58], could confirm if the afore-
mentioned characteristic signs of the multiparticle mixed harmonic 
cumulants can be regarded as a flow signature and thus could be 
used for searching for collective flow in small collision systems like 
pp or pA collisions [59–61].

As mentioned above, for non-peripheral collisions, both v2 and 
v3 are expected to be linearly correlated with the initial eccen-
tricity ε2 and ε3. Thus, the final-state result of nM HC(vk

2, v
l
3)

could reflect the initial correlation between εk
2 and εl

3. This behav-
ior is observed in the case of nM HC(v2

2, v2
3), where good agree-

ment with nM HC(ε2
2, ε2

3) was found. Moving to higher moments 
of v2 and/or v3, one can further probe the nonlinearity of v2
(v3) to ε2 (ε3) by seeing if the agreement between the initial and 
final-state correlations persists, because of the better sensitivity of 
higher moments to the nonlinear hydrodynamic response. Fig. 5
presents the comparison of data with iEBE-VISHNU calculations 
with AMPT and TRENTo initial conditions. This figure shows that 
both calculations describe the measured nM HC(v4

2, v2
3) fairly well 

for central and semi-central collisions. The calculations with AMPT 
initial conditions work better for more peripheral collisions. At the 
same time, consistent results are observed between nM HC(ε4

2 , ε2
3)

and nM HC(v4
2, v

2
3), independent of whether the AMPT or TRENTo 

initial-state model are used. For AMPT calculations, there is no 
difference between the results using η/s = 0.08 or 0.20, which 
confirms that the precision measurement of nM HC(v4

2, v
2
3) can 

offer an additional approach to constrain initial-state models. How-
ever, the situation is different in the case of nM HC(v2

2, v
4
3), shown 

in Fig. 5 (right). The hydrodynamic calculations with both AMPT 
and TRENTo initial conditions are compatible with the measure-
ment within the considerable uncertainty, but there is an apparent 
discrepancy between nM HC(v2

2, v
4
3) and nM HC(ε2

2, ε4
3). This does 

not agree with the naive expectation of both v2 and v3 being lin-
early correlated with their respective initial eccentricities ε2 and 
ε3, which might be because, generally, the linearity of v3 to ε3
is worse than that of v2 to ε2 as shown by hydrodynamic calcu-
lations [7]. When one examines higher-order moments, the linear 
response of v4

2 remains and thus nM HC(ε4
2, ε2

3) = nM HC(v4
2, v

2
3) is 

observed. However, the nonlinearity of v4
3 becomes non-negligible 

in non-peripheral collisions, which creates the discrepancy be-
tween the initial nM HC(ε2

2, ε4
3) and final state nM HC(v2

2, v4
3) cor-

relations.
This hypothesis is further confirmed in Figs. 6 and 7 where 

eight-particle cumulants are reported, which involve even higher 
moments of v2 and/or v3. Firstly, hydrodynamic calculations 
with AMPT initial conditions quantitatively predict the new mea-
surements of nM HC(v6

2, v
2
3), nM HC(v4

2, v
4
3) and nM HC(v2

2, v
6
3), 

while the TRENTo calculations show compatible results except for 
nM HC(v4

2, v
4
3), where the calculations overestimate the data by 

a factor of two. Secondly, although in hydrodynamic calculations 
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Fig. 5. Centrality dependence of nM HC(v4
2, v2

3) and nM HC(v2
2, v4

3) in Pb–Pb collision at √sNN = 5.02 TeV. Statistical uncertainties are shown as vertical bars and systematic 
uncertainties as filled boxes.

Fig. 6. Centrality dependence of nM HC(v6
2, v2

3) (left) and nM HC(v4
2, v4

3) (right) in Pb–Pb collisions at √sNN = 5.02 TeV. Statistical uncertainties are shown as vertical bars 
and systematic uncertainties as filled boxes.

with two different initial conditions there is a similar centrality de-
pendence of nM HC(ε6

2, ε2
3) and nM HC(v6

2, v
2
3), a clear difference 

between the two is observed already in semi-central collisions. 
This difference becomes much larger when fourth and sixth order 
moments of v3 are involved, with no obvious agreement between 
the initial and final-state calculations; this is especially shown by 
the TRENTo calculations in Figs. 6 (right) and 7. It is expected that 
the effect of the nonlinearity of v2 and v3 will be enhanced when 
studying nM HC(vk

2, v
l
3) with higher moments (e.g. k, l ≥ 4). The 

resulting nM HC(vk
2, v

l
3) in the final state, instead of being deter-

mined solely by the initial correlations of nM HC(εk
2, εl

3), receive 
non-negligible contributions from the nonlinearities of higher mo-
ments of v2 and v3, developed during the dynamic evolution of 
the system. Thus, the new measurements of nM HC(vk

2, vl
3) pre-

sented in this Letter provide direct access to the initial correlations 
between εk

2 and εl
3 when lower moments of v2 and v3 are in-

volved, while enabling a new possibility to study the nonlinearities 
of v2 and v3 when higher moments are involved.

5. Summary

The normalized mixed harmonic cumulants nM HC between 
two and three flow coefficients as well as between higher mo-
ments of two flow coefficients, were measured in 

√
sNN = 5.02 TeV 

Pb–Pb collisions with ALICE. It is found that nM HC(v2
2, v

2
4) is 

positive, while nM HC(v2
2, v

2
3) and nM HC(v2

3, v
2
4) are negative. In 

addition, the first measurement of three harmonic correlations 
nM HC(v2

2, v
2
3, v

2
4) is closer to nM HC(v2

2, v
2
4) and nM HC(v2

3, v
2
4)

in central collisions, and then becomes closer to nM HC(v2
2, v

2
3)

and nM HC(v2
3, v

2
4) for more peripheral collisions. These measure-

ments compared with iEBE-VISHNU hydrodynamic calculations us-
ing AMPT and TRENTo initial conditions exhibit different sensitiv-

7
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Fig. 7. Centrality dependence of nM HC(v2
2, v6

3) in Pb–Pb collisions at √
sNN =

5.02 TeV. Statistical uncertainties are shown as vertical bars and systematic uncer-
tainties as filled boxes.

ities to the initial conditions and the specific shear viscosity of 
the QGP. Thus the measurements presented in this Letter can be 
used to more tightly constrain theoretical models. Furthermore, the 
correlations between higher moments of v2 and v3 were investi-
gated for the first time. The four-, six- and eight-particle mixed 
cumulants of nM HC show the characteristic signature of negative, 
positive, and negative signs, respectively, similar to the multiparti-
cle cumulants of single harmonics. The comparison with hydrody-
namic calculations reveals that the correlations involving higher-
order moments could significantly enhance the contributions that 
arise from nonlinearities of v2 and v3 to the initial eccentricity ε2, 
triangularity ε3, respectively. Such contributions mainly develop 
during the expansion of the system and reflect the time evolution 
of the shear and bulk viscosities of the QGP. These new measure-
ments of correlations between different moments of two and three 
flow coefficients, together with comparisons to state-of-the-art hy-
drodynamic calculations, provide further information on the initial 
conditions and considerably tighten the constraints on the evolu-
tion of the QGP created in heavy-ion collisions at the LHC.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The ALICE Collaboration would like to thank all its engineers 
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the 
outstanding performance of the LHC complex. The ALICE Collab-
oration 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 run-
ning the ALICE detector: A. I. Alikhanyan National Science Labora-
tory (Yerevan Physics Institute) Foundation (ANSL), State Commit-
tee of Science and World Federation of Scientists (WFS), Armenia; 
Austrian Academy of Sciences, Austrian Science Fund (FWF): [M 
2467-N36] and Nationalstiftung für Forschung, Technologie und 
Entwicklung, Austria; Ministry of Communications and High Tech-
nologies, National Nuclear Research Center, Azerbaijan; Conselho 
Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Fi-
nanciadora 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; Ministry of Ed-
ucation of China (MOEC), Ministry of Science & Technology of 
China (MSTC) and National Natural Science Foundation of China 
(NSFC), China; Ministry of Science and Education and Croatian Sci-
ence Foundation, Croatia; Centro de Aplicaciones Tecnológicas y 
Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of Ed-
ucation, Youth and Sports of the Czech Republic, Czech Republic; 
The Danish Council for Independent Research Natural Sciences, the 
Villum Fonden and Danish National Research Foundation (DNRF), 
Denmark; Helsinki Institute of Physics (HIP), Finland; Commis-
sariat à l’Énergie Atomique (CEA) and Institut National de Physique 
Nucléaire et de Physique des Particules (IN2P3) and Centre Na-
tional de la Recherche Scientifique (CNRS), France; Bundesminis-
terium für Bildung und Forschung (BMBF) and GSI Helmholtzzen-
trum für Schwerionenforschung GmbH, Germany; General Secre-
tariat for Research and Technology, Ministry of Education, Research 
and Religions, Greece; National Research, Development and Inno-
vation Office, Hungary; Department of Atomic Energy, Government 
of India (DAE), Department of Science and Technology, Govern-
ment of India (DST), University Grants Commission, Government 
of India (UGC) and Council of Scientific and Industrial Research 
(CSIR), India; Indonesian Institute of Sciences, Indonesia; Istituto 
Nazionale di Fisica Nucleare (INFN), Italy; Institute for Innova-
tive Science and Technology, Nagasaki Institute of Applied Science 
(IIST), Japanese Ministry of Education, Culture, Sports, Science and 
Technology (MEXT) and Japan Society for the Promotion of Science 
(JSPS) KAKENHI, Japan; Consejo Nacional de Ciencia (CONACYT) y 
Tecnología, through Fondo de Cooperación Internacional en Cien-
cia y Tecnología (FONCICYT) and Dirección General de Asuntos 
del Personal Academico (DGAPA), Mexico; Nederlandse Organisatie 
voor Wetenschappelijk Onderzoek (NWO), Netherlands; The Re-
search Council of Norway, Norway; Commission on Science and 
Technology for Sustainable Development in the South (COMSATS), 
Pakistan; Pontificia Universidad Católica del Perú, Peru; Ministry 
of Education and Science, National Science Centre and WUT ID-
UB, Poland; Korea Institute of Science and Technology Informa-
tion and National Research Foundation of Korea (NRF), Republic 
of Korea; Ministry of Education and Scientific Research, Institute 
of Atomic Physics and Ministry of Research and Innovation and 
Institute of Atomic Physics, Romania; Joint Institute for Nuclear 
Research (JINR), Ministry of Education and Science of the Russian 
Federation, National Research Centre Kurchatov Institute, Russian 
Science Foundation and Russian Foundation for Basic Research, 
Russia; 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 & Al-
ice Wallenberg Foundation (KAW), Sweden; European Organization 
for Nuclear Research, Switzerland; Suranaree University of Technol-
ogy (SUT), National Science and Technology Development Agency 
(NSDTA) and Office of the Higher Education Commission under 
NRU project of Thailand, Thailand; Turkish Atomic Energy Agency 
(TAEK), Turkey; National Academy of Sciences 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.

References

[1] T. Lee, Feynman rules of QCD inside a hadron, Phys. Rev. D 19 (1979) 1802.
[2] E.V. Shuryak, Quantum chromodynamics and the theory of superdense matter, 

Phys. Rep. 61 (1980) 71–158.
[3] J.-Y. Ollitrault, Anisotropy as a signature of transverse collective flow, Phys. Rev. 

D 46 (1992) 229–245.
[4] S. Voloshin, Y. Zhang, Flow study in relativistic nuclear collisions by Fourier 

expansion of Azimuthal particle distributions, Z. Phys. C 70 (1996) 665–672, 
arXiv:hep -ph /9407282 [hep -ph].

8

http://refhub.elsevier.com/S0370-2693(21)00294-X/bib037D1787F51169BB9193C9EA63369AE6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib5E3B9D742F9943FBA37CC53E5B6B95A7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib5E3B9D742F9943FBA37CC53E5B6B95A7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib17A07DAED7372178425FC322810F1DB0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib17A07DAED7372178425FC322810F1DB0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAD38624D5FA1468CF0D2EC090CDAE4B0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAD38624D5FA1468CF0D2EC090CDAE4B0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAD38624D5FA1468CF0D2EC090CDAE4B0s1


ALICE Collaboration Physics Letters B 818 (2021) 136354

[5] P.F. Kolb, J. Sollfrank, U.W. Heinz, Anisotropic transverse flow and the quark 
hadron phase transition, Phys. Rev. C 62 (2000) 054909, arXiv:hep -ph /0006129
[hep -ph].

[6] B. Alver, G. Roland, Collision geometry fluctuations and triangular flow in 
heavy-ion collisions, Phys. Rev. C 81 (2010) 054905, arXiv:1003 .0194 [nucl -th], 
Erratum: Phys. Rev. C 82 (2010) 039903.

[7] H. Niemi, G.S. Denicol, H. Holopainen, P. Huovinen, Event-by-event distribu-
tions of azimuthal asymmetries in ultrarelativistic heavy-ion collisions, Phys. 
Rev. C 87 (5) (2013) 054901, arXiv:1212 .1008 [nucl -th].

[8] J. Noronha-Hostler, L. Yan, F.G. Gardim, J.-Y. Ollitrault, Linear and cubic response 
to the initial eccentricity in heavy-ion collisions, Phys. Rev. C 93 (1) (2016) 
014909, arXiv:1511.03896 [nucl -th].

[9] H. Niemi, K.J. Eskola, R. Paatelainen, Event-by-event fluctuations in a perturba-
tive QCD + saturation + hydrodynamics model: determining QCD matter shear 
viscosity in ultrarelativistic heavy-ion collisions, Phys. Rev. C 93 (2) (2016) 
024907, arXiv:1505 .02677 [hep -ph].

[10] D. Teaney, L. Yan, Non linearities in the harmonic spectrum of heavy ion col-
lisions with ideal and viscous hydrodynamics, Phys. Rev. C 86 (2012) 044908, 
arXiv:1206 .1905 [nucl -th].

[11] L. Yan, J.-Y. Ollitrault, ν4, ν5, ν6, ν7: nonlinear hydrodynamic response versus 
LHC data, Phys. Lett. B 744 (2015) 82–87, arXiv:1502 .02502 [nucl -th].

[12] J. Qian, U.W. Heinz, J. Liu, Mode-coupling effects in anisotropic flow in heavy-
ion collisions, Phys. Rev. C 93 (6) (2016) 064901, arXiv:1602 .02813 [nucl -th].

[13] ATLAS Collaboration, G. Aad, et al., Measurement of the correlation between 
flow harmonics of different order in lead-lead collisions at √sN N = 2.76 TeV 
with the ATLAS detector, Phys. Rev. C 92 (3) (2015) 034903, arXiv:1504 .01289
[hep -ex].

[14] ALICE Collaboration, S. Acharya, et al., Linear and non-linear flow modes in 
Pb-Pb collisions at √sNN = 2.76 TeV, Phys. Lett. B 773 (2017) 68–80, arXiv:
1705 .04377 [nucl -ex].

[15] ALICE Collaboration, S. Acharya, et al., Non-linear flow modes of identified par-
ticles in Pb-Pb collisions at √sNN = 5.02 TeV, J. High Energy Phys. 06 (2020) 
147, arXiv:1912 .00740 [nucl -ex].

[16] ALICE Collaboration, S. Acharya, et al., Linear and non-linear flow modes of 
charged hadrons in Pb-Pb collisions at √sNN = 5.02 TeV, J. High Energy Phys. 
05 (2020) 085, arXiv:2002 .00633 [nucl -ex].

[17] CMS Collaboration, A.M. Sirunyan, et al., Mixed higher-order anisotropic flow 
and nonlinear response coefficients of charged particles in PbPb collisions at √

sNN = 2.76 and 5.02 TeV, Eur. Phys. J. C 80 (6) (2020) 534, arXiv:1910 .08789
[hep -ex].

[18] J. Jia, Event-shape fluctuations and flow correlations in ultra-relativistic heavy-
ion collisions, J. Phys. G 41 (12) (2014) 124003, arXiv:1407.6057 [nucl -ex].

[19] ATLAS Collaboration, G. Aad, et al., Measurement of the distributions of event-
by-event flow harmonics in lead-lead collisions at = 2.76 TeV with the ATLAS 
detector at the LHC, J. High Energy Phys. 11 (2013) 183, arXiv:1305 .2942 [hep -
ex].

[20] CMS Collaboration, A.M. Sirunyan, et al., Non-Gaussian elliptic-flow fluctuations 
in PbPb collisions at √sNN = 5.02 TeV, Phys. Lett. B 789 (2019) 643–665, arXiv:
1711.05594 [nucl -ex].

[21] ALICE Collaboration, S. Acharya, et al., Energy dependence and fluctuations of 
anisotropic flow in Pb-Pb collisions at √sNN = 5.02 and 2.76 TeV, J. High En-
ergy Phys. 07 (2018) 103, arXiv:1804 .02944 [nucl -ex].

[22] U. Heinz, Z. Qiu, C. Shen, Fluctuating flow angles and anisotropic flow mea-
surements, Phys. Rev. C 87 (3) (2013) 034913, arXiv:1302 .3535 [nucl -th].

[23] F.G. Gardim, F. Grassi, M. Luzum, J.-Y. Ollitrault, Breaking of factorization of 
two-particle correlations in hydrodynamics, Phys. Rev. C 87 (3) (2013) 031901, 
arXiv:1211.0989 [nucl -th].

[24] ALICE Collaboration, S. Acharya, et al., Searches for transverse momentum de-
pendent flow vector fluctuations in Pb-Pb and p-Pb collisions at the LHC, J. 
High Energy Phys. 09 (2017) 032, arXiv:1707.05690 [nucl -ex].

[25] CMS Collaboration, S. Chatrchyan, et al., Studies of azimuthal dihadron correla-
tions in ultra-central PbPb collisions at √sN N = 2.76 TeV, J. High Energy Phys. 
02 (2014) 088, arXiv:1312 .1845 [nucl -ex].

[26] CMS Collaboration, V. Khachatryan, et al., Evidence for transverse momentum 
and pseudorapidity dependent event plane fluctuations in PbPb and pPb colli-
sions, Phys. Rev. C 92 (3) (2015) 034911, arXiv:1503 .01692 [nucl -ex].

[27] I. Kozlov, M. Luzum, G.S. Denicol, S. Jeon, C. Gale, Signatures of collective be-
havior in small systems, Nucl. Phys. A 931 (2014) 1045–1050, arXiv:1412 .3147
[nucl -th].

[28] ATLAS Collaboration, G. Aad, et al., Measurement of event-plane correlations 
in √sN N = 2.76 TeV lead-lead collisions with the ATLAS detector, Phys. Rev. C 
90 (2) (2014) 024905, arXiv:1403 .0489 [hep -ex].

[29] ALICE Collaboration, J. Adam, et al., Correlated event-by-event fluctuations of 
flow harmonics in Pb-Pb collisions at √sNN = 2.76 TeV, Phys. Rev. Lett. 117 
(2016) 182301, arXiv:1604 .07663 [nucl -ex].

[30] FOPI Collaboration, A. Andronic, et al., Transition from in-plane to out-of-
plane azimuthal enhancement in Au + Au collisions, Nucl. Phys. A 679 (2001) 
765–792, arXiv:nucl -ex /0008007.

[31] E895 Collaboration, P. Chung, et al., Differential elliptic flow in 2-A-GeV - 6-A-
GeV Au+Au collisions: a new constraint for the nuclear equation of state, Phys. 
Rev. C 66 (2002) 021901, arXiv:nucl -ex /0112002.

[32] STAR Collaboration, J. Adams, et al., Azimuthal anisotropy at RHIC: the first and 
fourth harmonics, Phys. Rev. Lett. 92 (2004) 062301, arXiv:nucl -ex /0310029.

[33] ALICE Collaboration, K. Aamodt, et al., Higher harmonic anisotropic flow mea-
surements of charged particles in Pb-Pb collisions at √sN N = 2.76 TeV, Phys. 
Rev. Lett. 107 (2011) 032301, arXiv:1105 .3865 [nucl -ex].

[34] A. Bilandzic, C.H. Christensen, K. Gulbrandsen, A. Hansen, Y. Zhou, Generic 
framework for anisotropic flow analyses with multiparticle azimuthal corre-
lations, Phys. Rev. C 89 (6) (2014) 064904, arXiv:1312 .3572 [nucl -ex].

[35] R.S. Bhalerao, J.-Y. Ollitrault, S. Pal, Characterizing flow fluctuations with mo-
ments, Phys. Lett. B 742 (2015) 94–98, arXiv:1411.5160 [nucl -th].

[36] Y. Zhou, K. Xiao, Z. Feng, F. Liu, R. Snellings, Anisotropic distributions in a mul-
tiphase transport model, Phys. Rev. C 93 (3) (2016) 034909, arXiv:1508 .03306
[nucl -ex].

[37] X. Zhu, Y. Zhou, H. Xu, H. Song, Correlations of flow harmonics in 2.76A TeV 
Pb–Pb collisions, Phys. Rev. C 95 (4) (2017) 044902, arXiv:1608 .05305 [nucl -th].

[38] Z. Moravcova, K. Gulbrandsen, Y. Zhou, Generic algorithm for multi-particle 
cumulants of azimuthal correlations in high energy nucleus collisions, arXiv:
2005 .07974 [nucl -th].

[39] R. Kubo, Generalized cumulant expansion method, J. Phys. Soc. 17 (1962) 
1100–1120.

[40] M. Gyulassy, X.-N. Wang, HIJING 1.0: a Monte Carlo program for parton and 
particle production in high-energy hadronic and nuclear collisions, Comput. 
Phys. Commun. 83 (1994) 307, arXiv:nucl -th /9502021 [nucl -th].

[41] A. Bilandzic, R. Snellings, S. Voloshin, Flow analysis with cumulants: direct cal-
culations, Phys. Rev. C 83 (2011) 044913, arXiv:1010 .0233 [nucl -ex].

[42] C. Mordasini, A. Bilandzic, D. Karakoç, S.F. Taghavi, Higher order symmetric cu-
mulants, Phys. Rev. C 102 (2) (2020) 024907, arXiv:1901.06968 [nucl -ex].

[43] P. Huo, K. Gajdosov, J. Jia, Y. Zhou, Importance of non-flow in mixed-harmonic 
multi-particle correlations in small collision systems, Phys. Lett. B 777 (2018) 
201–206, arXiv:1710 .07567 [nucl -ex].

[44] ALICE Collaboration, K. Aamodt, et al., The ALICE experiment at the CERN LHC, 
J. Instrum. 3 (2008) S08002.

[45] ALICE Collaboration, B.B. Abelev, et al., Performance of the ALICE experiment at 
the CERN LHC, Int. J. Mod. Phys. A 29 (2014) 1430044, arXiv:1402 .4476 [nucl -
ex].

[46] ALICE Collaboration, E. Abbas, et al., Performance of the ALICE VZERO system, 
J. Instrum. 8 (2013) P10016, arXiv:1306 .3130 [nucl -ex].

[47] ALICE Collaboration, K. Aamodt, et al., Alignment of the ALICE inner tracking 
system with cosmic-ray tracks, J. Instrum. 5 (2010) P03003, arXiv:1001.0502
[physics .ins -det].

[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 (2010) 
316–367, arXiv:1001.1950 [physics .ins -det].

[49] ALICE Collaboration, J. Adam, et al., Anisotropic flow of charged particles in 
Pb-Pb collisions at √sNN = 5.02 TeV, Phys. Rev. Lett. 116 (13) (2016) 132302, 
arXiv:1602 .01119 [nucl -ex].

[50] R. Barlow, Systematic errors: facts and fictions, in: Conference on Advanced 
Statistical Techniques in Particle Physics, 2002, pp. 134–144, arXiv:hep -ex /
0207026.

[51] ALICE Collaboration, S. Acharya, et al., Systematic studies of correlations be-
tween different order flow harmonics in Pb-Pb collisions at √sNN = 2.76 TeV, 
Phys. Rev. C 97 (2) (2018) 024906, arXiv:1709 .01127 [nucl -ex].

[52] ATLAS Collaboration, M. Aaboud, et al., Fluctuations of anisotropic flow in 
Pb+Pb collisions at √sNN = 5.02 TeV with the ATLAS detector, J. High Energy 
Phys. 01 (2020) 051, arXiv:1904 .04808 [nucl -ex].

[53] ALICE Collaboration, S. Acharya, et al., Event-by-event multi-harmonic corre-
lations of different flow amplitudes in Pb-Pb collisions at √sNN = 2.76 TeV, 
arXiv:2101.02579 [nucl -ex].

[54] W. Zhao, H.-j. Xu, H. Song, Collective flow in 2.76 A TeV and 5.02 A TeV Pb+Pb 
collisions, Eur. Phys. J. C 77 (9) (2017) 645, arXiv:1703 .10792 [nucl -th].

[55] J.E. Bernhard, J.S. Moreland, S.A. Bass, Bayesian estimation of the specific 
shear and bulk viscosity of quark–gluon plasma, Nat. Phys. 15 (11) (2019) 
1113–1117.

[56] ALICE Collaboration, S. Acharya, et al., Anisotropic flow of identified particles 
in Pb-Pb collisions at √sNN = 5.02 TeV, J. High Energy Phys. 09 (2018) 006, 
arXiv:1805 .04390 [nucl -ex].

[57] T. Sjöstrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. 
Prestel, C.O. Rasmussen, P.Z. Skands, An introduction to PYTHIA 8.2, Comput. 
Phys. Commun. 191 (2015) 159–177, arXiv:1410 .3012 [hep -ph].

[58] C. Bierlich, S. Chakraborty, G. Gustafson, L. Lönnblad, Setting the string shoving 
picture in a new frame, arXiv:2010 .07595 [hep -ph].

[59] C. Loizides, Experimental overview on small collision systems at the LHC, Nucl. 
Phys. A 956 (2016) 200–207, arXiv:1602 .09138 [nucl -ex].

[60] H. Song, Y. Zhou, K. Gajdosova, Collective flow and hydrodynamics in large and 
small systems at the LHC, Nucl. Sci. Tech. 28 (7) (2017) 99, arXiv:1703 .00670
[nucl -th].

[61] J.L. Nagle, W.A. Zajc, Small system collectivity in relativistic hadronic and nu-
clear collisions, Annu. Rev. Nucl. Part. Sci. 68 (2018) 211–235, arXiv:1801.03477
[nucl -ex].

9

http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE9FF42F45C23B24FF74D04531A6A6036s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE9FF42F45C23B24FF74D04531A6A6036s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE9FF42F45C23B24FF74D04531A6A6036s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1ACA0FFF5F44A42B6305B3BD06BA2125s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1ACA0FFF5F44A42B6305B3BD06BA2125s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1ACA0FFF5F44A42B6305B3BD06BA2125s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibD1F43893FBA2405B6EE92F77999EDE40s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibD1F43893FBA2405B6EE92F77999EDE40s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibD1F43893FBA2405B6EE92F77999EDE40s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4E850071A15C2EC0336B6E5A00CA5478s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4E850071A15C2EC0336B6E5A00CA5478s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4E850071A15C2EC0336B6E5A00CA5478s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib15265C1EF45C0B8BBE6025664546B0B9s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib15265C1EF45C0B8BBE6025664546B0B9s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib15265C1EF45C0B8BBE6025664546B0B9s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib15265C1EF45C0B8BBE6025664546B0B9s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0A1228D9278DD3938746AF87ED660724s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0A1228D9278DD3938746AF87ED660724s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0A1228D9278DD3938746AF87ED660724s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib562385D39CE0DE19ABE6D83B52220B9Fs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib562385D39CE0DE19ABE6D83B52220B9Fs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib787A697DCA2E8AA3B6AF906918F49DDBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib787A697DCA2E8AA3B6AF906918F49DDBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52AAE916A3E9B9113A01E07DCDEDC3C6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52AAE916A3E9B9113A01E07DCDEDC3C6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52AAE916A3E9B9113A01E07DCDEDC3C6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52AAE916A3E9B9113A01E07DCDEDC3C6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4277E4B0230F28C45078A42F2934C86Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4277E4B0230F28C45078A42F2934C86Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4277E4B0230F28C45078A42F2934C86Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDCBFDC438E630683DFA0BE49676121BDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDCBFDC438E630683DFA0BE49676121BDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDCBFDC438E630683DFA0BE49676121BDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4EC66889B4ED7189954E3935D4FAEA4Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4EC66889B4ED7189954E3935D4FAEA4Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib4EC66889B4ED7189954E3935D4FAEA4Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib180E903996EE74164D112258ECB07FBFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib180E903996EE74164D112258ECB07FBFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib180E903996EE74164D112258ECB07FBFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib180E903996EE74164D112258ECB07FBFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1DE712A15BBD07F15138EC730BB7DFC1s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1DE712A15BBD07F15138EC730BB7DFC1s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibF2D37B5884CB76F7371389D74AF3CFACs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibF2D37B5884CB76F7371389D74AF3CFACs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibF2D37B5884CB76F7371389D74AF3CFACs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibF2D37B5884CB76F7371389D74AF3CFACs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC23CE8BB9064F2A9A8010FD431D4857Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC23CE8BB9064F2A9A8010FD431D4857Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC23CE8BB9064F2A9A8010FD431D4857Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib292CAB8DEE73AB98F5FE43D111991A46s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib292CAB8DEE73AB98F5FE43D111991A46s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib292CAB8DEE73AB98F5FE43D111991A46s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibCA11707418A5B83BE15955B54A006FD7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibCA11707418A5B83BE15955B54A006FD7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C53AFC606A27F2462742743CAB7AC50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C53AFC606A27F2462742743CAB7AC50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C53AFC606A27F2462742743CAB7AC50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2B9B3190C682A01469018833AFBFE6EFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2B9B3190C682A01469018833AFBFE6EFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2B9B3190C682A01469018833AFBFE6EFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC0EFBE54DE8E1C67A9678E2912281DBDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC0EFBE54DE8E1C67A9678E2912281DBDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC0EFBE54DE8E1C67A9678E2912281DBDs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibBEC6F69C40FB3622FFEF41130549B04Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibBEC6F69C40FB3622FFEF41130549B04Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibBEC6F69C40FB3622FFEF41130549B04Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib712F088467A5528C162BDB3035CF9ADFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib712F088467A5528C162BDB3035CF9ADFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib712F088467A5528C162BDB3035CF9ADFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib90D1D823D8778DBEDDE70433D40A366Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib90D1D823D8778DBEDDE70433D40A366Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib90D1D823D8778DBEDDE70433D40A366Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0D8299DE2BFF8EE930B937EF3448525Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0D8299DE2BFF8EE930B937EF3448525Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0D8299DE2BFF8EE930B937EF3448525Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAE243B66045CA9DE78660EA09B3458CBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAE243B66045CA9DE78660EA09B3458CBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAE243B66045CA9DE78660EA09B3458CBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib234F80770F58897E362D8AC99F6FB1DFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib234F80770F58897E362D8AC99F6FB1DFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib234F80770F58897E362D8AC99F6FB1DFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib16403B0F08F66F4F8BFB6573F459D96Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib16403B0F08F66F4F8BFB6573F459D96Cs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECFD465E641E1172B15A61BA846B01C7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECFD465E641E1172B15A61BA846B01C7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECFD465E641E1172B15A61BA846B01C7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDE65D2CCF7CA10F504BE872374218FFBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDE65D2CCF7CA10F504BE872374218FFBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibDE65D2CCF7CA10F504BE872374218FFBs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0FCF144E2F70B009DD1B6F815B810124s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0FCF144E2F70B009DD1B6F815B810124s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib403B726696C9ADC3E7292BAC9662CE6Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib403B726696C9ADC3E7292BAC9662CE6Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib403B726696C9ADC3E7292BAC9662CE6Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2260D5498739A002A52FACFCA9F69055s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2260D5498739A002A52FACFCA9F69055s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib5F0EEB9058E68EF843EC0237EAAEECE6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib5F0EEB9058E68EF843EC0237EAAEECE6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib5F0EEB9058E68EF843EC0237EAAEECE6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE2D6D52F2F6D9DEFA2278F6353A00E1As1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE2D6D52F2F6D9DEFA2278F6353A00E1As1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC7BEFC367D705B73C2BC4655174AB847s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC7BEFC367D705B73C2BC4655174AB847s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibC7BEFC367D705B73C2BC4655174AB847s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib27535BD2BACD85B0EF90709CE4B7DA40s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib27535BD2BACD85B0EF90709CE4B7DA40s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibA901543E825CE97F5BC762E9DFD2A175s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibA901543E825CE97F5BC762E9DFD2A175s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0F7D18F29B9B74ED9D3E30C54917529Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0F7D18F29B9B74ED9D3E30C54917529Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib0F7D18F29B9B74ED9D3E30C54917529Bs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib74324F3A25C36872BACFC3C10296A2D0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib74324F3A25C36872BACFC3C10296A2D0s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C40B21E544639126654DEEB3C9BBDA7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C40B21E544639126654DEEB3C9BBDA7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1C40B21E544639126654DEEB3C9BBDA7s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib089490FD376D60B8A793B8E895D780A4s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib089490FD376D60B8A793B8E895D780A4s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib409451BFB1E0ED89AC321975AA9B813Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib409451BFB1E0ED89AC321975AA9B813Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib409451BFB1E0ED89AC321975AA9B813Ds1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib863E6A7A1BDBC24A8D03953F3851B9E6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib863E6A7A1BDBC24A8D03953F3851B9E6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib863E6A7A1BDBC24A8D03953F3851B9E6s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib145973CFC1E4D91A190507F686A6B8B4s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib145973CFC1E4D91A190507F686A6B8B4s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib145973CFC1E4D91A190507F686A6B8B4s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE5A66D0D3A7862276D73AF2DA1E89109s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE5A66D0D3A7862276D73AF2DA1E89109s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibE5A66D0D3A7862276D73AF2DA1E89109s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2EA9C63B79E4A4A1B085155054A09A75s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2EA9C63B79E4A4A1B085155054A09A75s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib2EA9C63B79E4A4A1B085155054A09A75s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib166FCA982678EE3A7C8D16CB1C78D677s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib166FCA982678EE3A7C8D16CB1C78D677s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib166FCA982678EE3A7C8D16CB1C78D677s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib39A0A2026508E711018849EC9786D51Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib39A0A2026508E711018849EC9786D51Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib39A0A2026508E711018849EC9786D51Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1ABAF968FBDF5F8131122DCA684E1B77s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib1ABAF968FBDF5F8131122DCA684E1B77s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECF9FE3103CE1FBEC066287140E1D44Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECF9FE3103CE1FBEC066287140E1D44Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibECF9FE3103CE1FBEC066287140E1D44Es1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibB248C7256EF2DEA25E8B780DE2A3DDFFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibB248C7256EF2DEA25E8B780DE2A3DDFFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibB248C7256EF2DEA25E8B780DE2A3DDFFs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52E0141B59A5D3E5BF7C55D1B143BBEEs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52E0141B59A5D3E5BF7C55D1B143BBEEs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib52E0141B59A5D3E5BF7C55D1B143BBEEs1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAD413375DBCD0D32335ED4ACEDD55418s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bibAD413375DBCD0D32335ED4ACEDD55418s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib97A6DE47C34235406CC434CCD7E26916s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib97A6DE47C34235406CC434CCD7E26916s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib238B38F2D5714F88C2E03777A9225F50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib238B38F2D5714F88C2E03777A9225F50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib238B38F2D5714F88C2E03777A9225F50s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib94CB2AFC5706585A17AD7C2174A30E89s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib94CB2AFC5706585A17AD7C2174A30E89s1
http://refhub.elsevier.com/S0370-2693(21)00294-X/bib94CB2AFC5706585A17AD7C2174A30E89s1


ALICE Collaboration Physics Letters B 818 (2021) 136354

ALICE Collaboration

S. Acharya 142, D. Adamová 97, A. Adler 75, J. Adolfsson 82, G. Aglieri Rinella 35, M. Agnello 31, 
N. Agrawal 55, Z. Ahammed 142, S. Ahmad 16, S.U. Ahn 77, Z. Akbar 52, A. Akindinov 94, M. Al-Turany 109, 
D. Aleksandrov 90, B. Alessandro 60, H.M. Alfanda 7, R. Alfaro Molina 72, B. Ali 16, Y. Ali 14, A. Alici 26, 
N. Alizadehvandchali 126, A. Alkin 35, J. Alme 21, T. Alt 69, L. Altenkamper 21, I. Altsybeev 114, 
M.N. Anaam 7, C. Andrei 49, D. Andreou 92, A. Andronic 145, V. Anguelov 106, F. Antinori 58, P. Antonioli 55, 
C. Anuj 16, N. Apadula 81, L. Aphecetche 116, H. Appelshäuser 69, S. Arcelli 26, R. Arnaldi 60, I.C. Arsene 20, 
M. Arslandok 147,106, A. Augustinus 35, R. Averbeck 109, S. Aziz 79, M.D. Azmi 16, A. Badalà 57, Y.W. Baek 42, 
X. Bai 109, R. Bailhache 69, Y. Bailung 51, R. Bala 103, A. Balbino 31, A. Baldisseri 139, M. Ball 44, D. Banerjee 4, 
R. Barbera 27, L. Barioglio 107,25, M. Barlou 86, G.G. Barnaföldi 146, L.S. Barnby 96, V. Barret 136, 
C. Bartels 129, K. Barth 35, E. Bartsch 69, F. Baruffaldi 28, N. Bastid 136, S. Basu 82,144, G. Batigne 116, 
B. Batyunya 76, D. Bauri 50, J.L. Bazo Alba 113, I.G. Bearden 91, C. Beattie 147, I. Belikov 138, 
A.D.C. Bell Hechavarria 145, F. Bellini 35, R. Bellwied 126, S. Belokurova 114, V. Belyaev 95, G. Bencedi 70,146, 
S. Beole 25, A. Bercuci 49, Y. Berdnikov 100, A. Berdnikova 106, D. Berenyi 146, L. Bergmann 106, 
M.G. Besoiu 68, L. Betev 35, P.P. Bhaduri 142, A. Bhasin 103, I.R. Bhat 103, M.A. Bhat 4, B. Bhattacharjee 43, 
P. Bhattacharya 23, L. Bianchi 25, N. Bianchi 53, J. Bielčík 38, J. Bielčíková 97, J. Biernat 119, A. Bilandzic 107, 
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