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Higher-order symmetry plane correlations in Pb-Pb collisions at ,/syy = 5.02 TeV
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The correlations between event-by-event fluctuations of symmetry planes are measured in Pb-Pb collisions at
a center-of-mass energy per nucleon pair ,/syy = 5.02 TeV recorded by the ALICE detector at the Large Hadron
Collider. This analysis is conducted using the Gaussian estimator technique, which is insensitive to biases from
correlations between different flow amplitudes. The study presents, for the first time, the centrality dependence
of correlations involving up to five different symmetry planes. The correlation strength varies depending on
the harmonic order of the symmetry plane and the collision centrality. Comparisons with measurements from
lower energies indicate no significant differences within uncertainties. Additionally, the results are compared
with hydrodynamic model calculations. Although the model predictions provide a qualitative explanation of the
experimental results, they overestimate the data for some observables. This is particularly true for correlators
that are sensitive to the nonlinear response of the medium to initial-state anisotropies in the collision system. As
these new correlators provide unique information—independent of flow amplitudes—their usage in future model
developments can further constrain the properties of the strongly interacting matter created in ultrarelativistic

heavy-ion collisions.
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I. INTRODUCTION

One of the most extensively studied phenomena in ultra-
relativistic heavy-ion collisions is the collective behavior of
the produced particles [1,2]. The nature of the created system
and the interactions among particles involved make collectiv-
ity sensitive to all stages of the collision [3-10]. Moreover,
previous studies, including Bayesian parameter estimations,
have shown that the measurements of the correlations between
the charged final-state particles are, in particular, a highly
sensitive probe of the transport properties of the quark-gluon
plasma (QGP) [6,9-14]. This extreme state of matter, created
during the collision, consists of deconfined quarks and gluons,
and exhibits quasiperfect liquidlike behavior. As the QGP
cannot be directly observed and the evolving system is highly
complex, it is crucial to develop and measure observables
related to the collectivity of the final-state particles, which
reflects the properties of the underlying medium. More details
about the QGP studies can be found in Refs. [5-7,10,15,16].

One observable manifestation of the collective behavior of
the detected particles is their anisotropic azimuthal emission
in the transverse plane, known as the anisotropic flow. This
phenomenon arises from the medium response to the non-
isotropic initial-state geometry of the collision and the initial
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inhomogeneities in the system’s entropy density [1,17]. The
azimuthal distribution of the final-state particles f(¢) can be
represented using a Fourier series as [17]

flp) = % [1 + 2; v, cos[n(p — wm}, (1

where v, and ¥, denote the flow amplitudes and symmetry
plane angles of the nth harmonic, respectively. The measure-
ments and theoretical calculations of these quantities and their
complex correlations play an important role in understanding
the properties of QGP [12,13,18-22].

Flow amplitudes and symmetry planes, as well as their
event-by-event fluctuations, are not directly accessible exper-
imentally. Therefore, various approaches were developed to
estimate them, such as the event plane method [23,24] or the
multiparticle correlation techniques [25-29]. The latter, which
are the focus of this analysis, rely on the relation between the
measured particle azimuthal angles ¢ and the flow degrees of
freedom v, and ¥, [28-30]:
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where (...) indicates an average over the azimuthal angles of
distinct combinations of [ particles in the same event. Given
that the multiparticle azimuthal correlator contains k (k < [)
different harmonics (counting positive and negative harmon-
ics separately), the positive integers a; are used to ensure
each harmonic n; appears only once on the left-hand side of
Eq. (2). The order of the multiparticle azimuthal correlator
[, which corresponds to the number of particles involved, is
given by [ = ", a;. Further details on the coefficients a; and
their interpretation can be found in Ref. [21].
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In the last few years, significant progress has been made
in the study of the flow amplitudes v,. The flow coeffi-
cients themselves were measured for the harmonics from
n =72 [15,16,31-35] to n =9 [18]. The first experimental
studies of the symmetric cumulants (SC) by the ALICE Col-
laboration [12,13] showed the existence of non-negligible
correlations between two different flow amplitudes v2 and v2.
This research were extended to include more flow amplitudes
[19,20,36,37] and different moments of these amplitudes’ dis-
tributions [20,22,37,38]. Comparisons between experimental
results and theoretical calculations have demonstrated that the
measurements of the SC are more sensitive to the transport
properties of the QGP than the individual flow amplitudes
[12]. Such a conclusion was recently confirmed with sen-
sitivity studies conducted in Bayesian analyses [8,9]. These
studies proved that flow observables involving higher-order
harmonics or cumulants impose more constraints on the
initial-state and hydrodynamic model parameters.

Similarly to the flow amplitudes, symmetry planes carry
information about both the initial state of the collision and
the QGP phase. As such, analyzing symmetry planes and
their correlations provides additional insights into the QGP
produced in those collisions. However, even in the case of
collisions with impact parameters of the same magnitude in
the absence of event-by-event fluctuations of the position of
participating nucleons, the angle of each symmetry plane W,
measured in the laboratory frame varies from one collision
to another due to a different orientation of the impact param-
eter. This orientation is generally characterized as the angle
of the reaction plane (Wgrp), which is a plane spanned by
the impact parameter and the beam axis. The reaction plane
angle Wgp, therefore, changes from one event to another like
Wrp — Wgp + o, where « is a random fluctuation. Hence,
each individual symmetry plane shifts by ¥, - ¥, +« in
the laboratory frame from one collision to another. As a result,
the averaged value of an individual symmetry plane measured
in the laboratory is zero. Therefore, the simplest nontrivial
observables are the correlated fluctuations of different sym-
metry planes with respect to each other, as the contribution of
the reaction plane fluctuations cancels out. These are quan-
tified by observables such as (cos[4(Vs — W;)]), which is
one example involving the symmetry planes ¥4 and W,. The
analysis of these symmetry plane correlations (SPC) presents
unique challenges. For instance, any expression of SPC has
to be rotationally invariant, ensuring that the random event-
by-event fluctuations of the impact parameter vector do not
affect the measurement. This can be achieved by a suitable
choice of the harmonics #n; and coefficients a; in Eq. (2) with
the constraint Y a;n; = 0. More details on the proper choice
of these quantities, which lead to nontrivial SPC, can be found
in Appendix B of Ref. [30].

When applying Eq. (2) in experimental measurements, it is
not possible to find a set of harmonics such that the left-hand
side of Eq. (2) only involves symmetry planes without the
inclusion of flow amplitudes. As a solution to this, estimators
of SPC were developed to remove the contribution of the flow
amplitudes when using multiparticle correlation techniques.
One of the most widely used methods to estimate the SPC is
the so-called scalar product (SP) method [39,40], which was

used in the analyses of SPC in heavy-ion collisions at the
Large Hadron Collider (LHC) energies by ATLAS [39] and
ALICE [18,40]. The SP method is defined as

(COS (Clll’l]\l—’nl + -+ aknk‘lfnk»sp
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where both numerator and denominator can be estimated
with multiparticle correlation techniques using Eq. (2). In
this approach, one divides the numerator, which contains
the mean of the product of flow amplitudes, by the product
of their respective means in the denominator. Such a ratio,
however, introduces a bias in the estimation of SPC as cor-
relations among flow amplitudes imply that (vj! ---vy¥) #
(vt} -+ (vy). This issue was resolved in the recent work of
Ref. [30], which proposed a new estimator called the Gaussian
estimator (GE). In the derivation of the GE, a two-dimensional
Gaussian distribution was used to approximate multiharmonic

flow fluctuations. This leads to the following expression for
the estimation of SPC:
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Again, both the numerator and denominator on the right-hand
side of Eq. (4) can be estimated using Eq. (2). In contrast
to the SP method [Eq. (3)], the denominator of the GE in
Eq. (4) contains only the multivariate joint moment of the flow
amplitudes (vﬁf‘ XK vﬁf“‘). As such, the GE accounts for the
correlations among the flow amplitudes, which overcomes the
bias present in the SP method as demonstrated in Ref. [30].
Recently, the GE was used by ALICE in the study of SPC
in Pb-Pb collisions at a center-of-mass energy per nucleon
pair ./syv = 2.76 TeV [21]. The correlations estimated with
the GE were significantly smaller compared to the results
obtained with the SP method by ATLAS [39] and ALICE [40].
This observation is qualitatively in agreement with the results
in Ref. [30] and was attributed to the minimisation of the bias
from neglecting the correlations among flow amplitudes. The
removal of the bias is important in order to extract indepen-
dent information about symmetry planes.

In this article, the GE is utilized in Pb—Pb collisions
at \/syy =5.02 TeV. The large data set allows more SPC
combinations to be studied including, for the first time, mea-
surements involving up to five different symmetry planes.
These provide a detailed study of how symmetry planes of
different harmonics interplay, which is crucial for the under-
standing of the impact of linear and nonlinear hydrodynamic
responses of the medium, whose evolution is governed by the
strong force as described by the quantum chromodynamics
(QCD). Additionally, by comparing results with those from
Ref. [21], the energy dependence of SPC is explored.

The article is structured as follows. Section II presents
the ALICE detector, the event and track selections of the
analyzed data set, and the estimation of the statistical and
systematic uncertainties. The results and their comparisons
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with state-of-the-art theoretical predictions are discussed in
Sec. III. Section IV provides a summary of the article. Addi-
tional results are shown in Appendixes A—C.

II. DATA ANALYSIS

This analysis is conducted using the Pb-Pb collision data
sets at /syy = 5.02 TeV recorded by ALICE in 2015 and
2018. The detailed descriptions of the various detectors and
their performance are given in Refs. [41,42].

For the triggering, event selection, and centrality determi-
nation, the VO detector is used. This detector consists of two
scintillator arrays, VOA and VOC [41,43]. The arrays cover
the full azimuth and extend in pseudorapidity (1) over the
ranges 2.8 <n < 5.1 (VOA) and —3.7 < < —1.7 (VOC).
The centrality is determined from the VO signal and is gener-
ally presented as a percentile of the total hadronic Pb-Pb cross
section. The most central (head-on) collisions, which produce
the largest number of particles, correspond to 0% percentile,
while the more peripheral collisions are denoted with higher
percentiles. Charged particle tracks are reconstructed using
the Time Projection Chamber (TPC) [44], which covers the
full azimuthal angle and |n| < 0.9 in the longitudinal direc-
tion. In addition to the TPC, the Inner Tracking System (ITS)
[45,46] is used for track reconstruction. The ITS consists of
six silicon layers, where the two innermost layers constitute
the Silicon Pixel Detector (SPD). The SPD provides high-
resolution space points for the determination of the track
parameters in the vicinity of the beam axis and for the primary
and secondary vertex reconstruction. Both the ITS and TPC,
are placed in a homogeneous solenoidal magnetic field of
0.5 T in beam direction, whose polarity was reversed during
the data taking.

For both 2015 and 2018 data sets, events are selected with
the minimum bias (MB) trigger, which requires a coincident
trigger signal from both VOA and VOC. Additional triggers
for central and semicentral collisions are used for 2018 data
to include more events in the centrality percentiles 0-10%
and 30-50%, respectively. Furthermore, for the data taken in
2018, centrality flattening is applied by rejecting events to
ensure a uniform distribution per centrality interval. With the
uniform distribution, the centrality interval becomes properly
averaged. Overall seven centrality classes within the range of
0-60% have been used for the analysis.

For the analysis, triggered events with a reconstructed pri-
mary vertex within £8.0 cm from the nominal interaction
point along the beam line are selected to ensure a full geomet-
rical acceptance of the ITS for 5| < 0.9. Background events
such as beam-gas collisions and pileup were removed using
the timing information from the VO detector, the correlation
between the primary vertex positions reconstructed from SPD
tracklets and ITS+TPC tracks, and the correlation between
the number of hits in the TPC and in the outer layers of the
ITS [47]. A further rejection of particles produced in out-
of-bunch pileup collisions was achieved by selecting tracks
that either have a hit in the SPD, which has short readout
time of 300 ns, or have a production time, measured with the
time-of-flight detector [48], compatible with the bunch cross-
ing that fired the trigger. Furthermore, this analysis requires

correlators involving up to 14 particles; therefore, a minimum
of 14 reconstructed tracks per event was necessary to cap-
ture all needed particle correlations. Following these event
selection criteria, the number of events used in the analysis
is approximately 210 million.

The pseudorapidity and transverse momentum of the tracks
are required to be in in the intervals || < 0.8 and 0.2 < pp <
5.0 GeV/c. The lower pt limit is set to remove tracks with low
reconstruction efficiency, while the upper limit is set to reduce
contamination from jets, which generally dominate at higher
pr. For each track, the distance of closest approach (DCA) to
the primary vertex is required to be less than 2 cm along the
longitudinal direction and less than 0.0105 + 0.0350/pk! cm
in the transverse plane, where the pr is in GeV/c. Thus,
in the transverse direction, the DCA ranges from 0.016 cm
(pr = 5.0 GeV/e) to 0.22 cm (pr = 0.2 GeV/c). The DCA
value requirements on the tracks are used to reduce contami-
nation from secondary particles originating from weak decays
and interactions with the detector material. The contamination
is largest for particles with low pr, and it ranges from 20%
(10%) for ptr < 0.1 GeV/c to less than 2% (1%) for pr >
1.0 GeV/c in central (peripheral) collisions [49]. The con-
tributions of correlations that do not arise from anisotropic
flow were tested with HIJING simulations. The check was
conducted separately for the numerator and denominator for
all SPC. The resulting correlators from HIJING were compat-
ible with zero, and thus had no contributions from nonflow.
Furthermore, only tracks with a minimum of 70 out of 159
TPC space points are selected to guarantee precise tracking.
The x?2 per space point value is required to be between 0.1 and
2.5 to ensure a good fit of the tracks. In addition, a minimum
of 2 hits in the ITS is required for each track. These selection
criteria are consistent with those in Refs.[22,50].

The reconstructed tracks are corrected for their non-
uniform reconstruction efficiency (NUE) as a function of
pr and for nonuniform azimuthal acceptance (NUA). The
NUE corrections are obtained by constructing pr-dependent
weights for the tracks from simulations performed with
HIJING (Heavy-lon Jet INteraction Generator) [S51] event
generator in combination with GEANT 3 [52] transport code
including a detailed description of the ALICE detectors and
their efficiency. The NUE corrections are used to account for
the reconstruction efficiency as a function of pt and the con-
tamination from secondary particles [49]. The applied NUA
correction is data driven such that the data are first scanned to
obtain weights to each cell in longitudinal (1) and azimuthal
() directions for each value of the longitudinal position of the
primary vertex. The weights are then applied for each particle
in the analysis.

Statistical uncertainties were determined by measuring
variances of the numerator and denominator in Eq. (4) sep-
arately and then evaluating the full uncertainty with standard
propagation of uncertainty. The procedure is identical to the
one used in Ref. [21] for the analysis of Pb-Pb collisions at
Svy = 2.76 TeV.

To evaluate the systematic uncertainties, the selection cri-
teria are varied one by one and the results are compared with
those obtained with the nominal selections. The recommen-
dations from Ref. [53] are used to determine the significance
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FIG. 1. Magnitude of SPC between two symmetry planes. The statistical and systematic uncertainties are depicted as lines and boxes,

respectively.

of separate systematic trials. This test for statistical signifi-
cance is sometimes called the Barlow test. If for a trial the
difference to the default value divided by the uncertainty of
that difference is greater than 1, then the relative variation of
the results obtained with this modified selection is considered
to be significant within statistical uncertainties. The trial is
then included as a systematic uncertainty. Finally, the total
systematic uncertainty is calculated for each centrality class
by summing the significant sources in quadrature.

In the following, the different specific contributions to the
systematic uncertainty are presented and for each of them
the average value of the uncertainty (averaged over centrality
classes and SPC observables) is reported in parentheses. The
impact of the variable used to determine the centrality is
estimated by substituting the default centrality estimator from
energy deposition in the VO scintillator with an estimate based
on the number of hits in the first layers of the ITS (12%).
In the event selection, systematic uncertainties are estimated
by varying the selection on the longitudinal position of the
primary vertex from 8 to £7 and +£9 cm (9%), and by
using a tighter pileup rejection criteria (7%) to reduce the
contamination of events from different bunch crossings [47].
Additionally, the effect of magnetic field polarity of the AL-
ICE’s solenoid magnet is examined by repeating the analysis
for both field polarities separately (13%). By default, both
field polarities are combined in the final results. To evaluate
systematic uncertainties in the track reconstruction, the selec-
tion on the minimum number of TPC space points is changed
from 70 to 80 (8%), and the required x 2 value per TPC cluster
of the reconstruction fit is changed from [0.1, 2.5] to [0.1, 2.3]
(7%). Furthermore, the applied threshold on the longitudinal
DCA value of the reconstructed tracks is changed from 2 to
1 cm (7%). Finally, the default tracking selection is changed
to another set of track-selection criteria, where the different
conditions are set on the information from the ITS and TPC to
yield flat azimuthal particle distribution (19%).

III. RESULTS

This section presents and discusses the SPC results.
Section IIT A details the results as a function of centrality

for all studied observables. Section III B explores the inter-
dependence among the SPC observables, while in Sec. IIIC,
the SPC are compared with predictions from hydrodynamic
models. Finally, Sec. Il D compares the measurements with
results from Pb-Pb collisions at /syy = 2.76 TeV [21]. Ad-
ditional figures are provided in Appendixes A and C.

A. Comparison of magnitudes among various SPC

Figure 1 shows the two-harmonic SPC magnitudes as
a function of centrality.The strongest magnitudes are ob-
tained for (cos[4(W4 — W,)]) in all centrality classes, with
a clear increasing trend towards semicentral collisions.
Other two-harmonic observables showing a similar trend
are (cos[8(W4 — W5)]), (cos[8(Wg — W5)]), and (cos[6(Ve —
U,)]). Whereas (cos[8(Wy — W5)]), (cos[4(¥4 — ¥,)]), and
(cos[6(We — W5)]) have slight decrease in trend at the most
peripheral collisions, (cos[8(Wg — W;)]) seems to saturate
for centrality percentiles above 30%. For the aforemen-
tioned observables, the correlations come from the initial
geometry and the nonlinear response of the medium. In cen-
tral collisions, the correlations are weaker due to the more
isotropic collision geometry. In semicentral collisions, the ini-
tial anisotropy causes stronger correlations, which are carried
to the final state. The comparison with initial-state calcula-
tions is discussed in Sec. III C. The SPC (cos[6(W3; — ¥5)])
and (cos[8(Ws — Wy)]) show no centrality dependence, with
(cos[6(W3 — W,)]) being compatible with zero with n, =
2.07 significance. The reported statistical significance, rep-
resented by the number n, of Gaussian standard deviations,
is obtained from the p value of the x2 distribution. A strong
magnitude in central and semicentral collisions with a de-
creasing trend towards peripheral collisions can be seen for
(cos[6(We — W3)]). The trend is slightly different from the
other observables, and a possible explanation is discussed
below.

In Ref. [21], it was noted that the magnitudes are associated
with the number of correlating particles. The SPC measured
with fewer-particle correlators have larger magnitudes. Sim-
ilar results can be seen here, with a slight exception of
the three-particle correlator (cos[8(Wg — Wy4)]), for which the
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correlation’s lower magnitude is due to high-order symme-
try plane, Wg. In addition, the magnitudes of SPC decrease
both with the number of correlating particles and at higher
orders. Triangular and higher-order flow in Pb-Pb collisions
emerges from the granular distribution of colliding nucleons.
These higher-ordered symmetries weaken due to the limited
number of participating nucleons in the collision. This means
that it becomes less likely for higher-order regular shapes,
e.g., a shape with eight leaves, to develop persistently from
one collision to another. Consequently, these symmetry planes
become more difficult to detect and they exhibit weaker corre-
lation strength. The number of correlated particles for a SPC
(cos(aim Wy, + -+ -+ axm Wy, )) is Y_a; (note that a; > 0).
Furthermore, the reason for smaller magnitudes of correlators
with fewer correlating particles could come from the fluctua-
tions of flow-vector distributions. The particle correlators can
be linked to the distribution of the flow-vector fluctuations
[54,55], which result from the granular distribution of nucle-
ons inside the colliding nuclei. According to the central limit
theorem (CLT), the sample average of independent variables,
i.e., the position of the nucleons in the overlapping region,
approaches a Gaussian distribution. This was also noted in the
SPC analysis at lower energies [21]. For distributions close
to a Gaussian distribution, the higher-order moments (skew-
ness, kurtosis, etc.) are weaker, and hence the higher-order
correlators are weaker. In central collisions, the distributions
tend to be more Gaussian than in peripheral collisions, which
can be reflected in the ordering of the correlations in central
collisions. The three-particle correlator (cos[6(Ws — W3)]) is
stronger than (cos[6(Ws — W,)]) in central collisions. For the
20-30% centrality interval, the ordering begins to swap, as
(cos[6(We — W;)]) starts to show stronger correlations than
(cos[6(We — W3)]). This is due to the increasing deviations
from Gaussian, causing higher moments to have more im-
pact. Finally, it should be noted that a six-particle correlator
(cos[8(W4 — W)]) has a large magnitude as it is the second
moment of (cos[4(W4 — W>)]). This will be discussed later in
this section.

The results for three-harmonic SPC as a function of cen-
trality are shown in Fig. 2. As in the case of two-harmonic
SPC, the three-harmonic SPC also displays the ordering of the
magnitudes strongly associated with the number of correlating
particles. The largest magnitudes are shown by three-particle
correlators, which are listed in order from the strongest
to the weakest: (cos[2W; + 3W; — 5Ws]), (cos[2W, + 4W, —
6Wel), (cos[2W; + 5Ws — 7W7]), (cos[3W; + 40y — TW7]),
and (cos[3W3; + 5Ws — 8Wg]). The magnitude ordering is de-
scribed by the order of the symmetry planes, such that the
weaker magnitudes are shown by the SPC with higher-order
symmetry planes. Correlations among symmetry planes can
be intuitively expected to arise from the cumulant expansion
of harmonics [56-58], where higher-order harmonics have
nonlinear contributions from the lower-order harmonics. The
contributions contain a direct correlation between the partic-
ipant planes, which can be expected to translate to the final
state. This could be the reason why there is a positive cor-
relation among symmetry planes W,, W, and W, for which
na + mb = ¢, where n, m € N. For example, a cumulant ex-
pansion of the fifth-order harmonic has contributions from

the second- and third-order harmonics, so SPC among W,
W3, and Ws, i.e., (cos[2W, 4+ 3W¥; — 5Ws]), should have a
strong correlation. The four-particle correlators, (cos[4W; +
4¥, — 8Wg]) and (cos[4W, + 3W¥; — 7TW¥4]), as expected, have
smaller magnitudes than the three-particle correlators with
similar harmonics.

The observables (cos[2W, — 6W3 + 4W,]) and (cos[2W, +
6W; — 8W,]) show negative correlation among the symmetry
planes Wy, W3, and Wy. Similarly, the symmetry planes W3,
Wy, and W5 are negatively correlated as shown in Fig. 2(c).
The SPC analysis at ,/syy = 2.76 TeV also measured a neg-
ative correlation in (cos[2W¥, — 6W; + 4W,]), whereas the
others were not measured [21]. A similar negative correlation
was seen among flow harmonics v,, v3, and v4 in a paper
that studied event-by-event correlations using higher-order SC
in Pb-Pb collisions at /syy = 2.76 TeV [19]. However, the
correlation among vs3, v4, and vs was compatible with zero
for SC. Furthermore, for three-harmonic SPC, the negative
correlations are generally smaller in absolute magnitude than
the positive correlations.

The lowest magnitude is shown by (cos[8W; — 3W; —
5Ws]). It is compatible with zero, having only a n, = 0.82
significance of a positive value. Although the correlation is
minimal, it is slightly positive. A detailed view of this observ-
able is presented in the model comparison section (Sec. III C)
in Fig. 6.

The magnitudes of four-harmonic and the first-ever mea-
sured five-harmonic SPC as a function of centrality are
displayed in Fig. 3. The five-harmonic SPC (cos[2W, +
3W; — 40, 4 5¥s — 6Wg]) shows a small (if any) increase
in magnitude towards semiperipheral collisions, where the
correlation is positive within uncertainties. As observed
with the two- and three-harmonic SPC, the trends vary
among observables containing the same symmetry planes
Uy, W3, Wy, Ws). Specifically, (cos[2W, — 3W; — 4W, +
S5Ws]) and (cos[6W, + 3W; — 4w, — 5Ws]) have positive
magnitudes, while (cos[4W; — 3W; + 4W, — 5Ws]) exhibits
slightly negative correlations. The possible reason for this is
discussed in Sec. III B, as well as the relatively strong corre-
lation of the six-particle correlator (cos[6W; + 3W; — 4, —
5Ws]). A weak correlation is exhibited by (cos[4W; + 6W; —
4¥, — 6Ys]) with a weak centrality dependence. A strong
centrality dependence is shown by (cos[2W; — 4W, — 5Ws +
7W5]) even within the large uncertainties.

B. Observable interdependence

Many of the SPC observables presented in the previous
section are built from different arrangements of the same
symmetry planes. Due to the trigonometric properties of the
cosine function, some of these results may trivially depend on
each other. The starting point to probe the interdependence
between two SPC is the following identity:

2 cos(a) cos(b) = cos(a + b) + cos(a — b). ®))
Equation (5) states that if three out of the four cosine terms

are known, the fourth term can be determined from the
three known terms. In an experimental setting, one measures

064913-5



S. ACHARYA et al.

PHYSICAL REVIEW C 111, 064913 (2025)

0.00

—-0.02

—-0.04

~0.06}

0.04

0.02

Correlations

0.00

-0.02

—0.04

—0.06 |-

0.25

0.20

0.15

0.10

0.05

0.00

T 1 = P T T 140.6
[ (a) I (b) i
I . 6 1{cos[2¥; + 3W3 — 5Ws]) |
' B r (cos[8W, — 3W5 — 5Ws]) 0-5
m o] ]
[ F [°] ¢ 0] 0.4
(0] ] ]
[ o) (O] ;0_3
) ¢
B m I:I:| __e _:02
(0] ) ]
b - Jo.1
— 0 [ (cos[2W, — 6W5 +4W,]) -+ ]
O (cos[2W, + 6W5 — 8W,]) DN N D N Jo.0
[ | N P A R I S A A B
I I [ L O L IS IR B
[ () ALICE Pb—Pb sy =5.02Tev - (@ 0 1 (cos[2W; + 4W,; — 6We]) |
[ 0.2 <pr<5.0GeV/c i @1{cos[4W; + 4V, - 8Ws]) 1 3
— [n|<0.8 = ]
X ] 0] D @ (0]
- ]
N | W E—— 4 2
[ B ‘+ ] (o]
[ 17 -
: b } ;
3 $‘ Tre —0.1
67 (COS[OW; — 4W, — 5Ws]) ] S
% | {cos[3W; — 8W, + 5Ws]) TP o.0
S N T R I S R R A B I
' L L Lt L L L L IR B
— (&) % (cos[2W, + 5Ws — TW;]) T () ro(cos[3W; + 4V, — TW5]) —0.25
E [} (COS[4W2 + 3W3 - 7W7]) I O (COS[3W3 + 5W5 - 8“—’8]) E
- + o.20
i t } | ] ]
[ ¥ €T ]
' : o R ) :0.15
i ® ¢ ] © L ]
= ¢ + o —10.10
z o LN
- +oe ® Jo.05
& 1 ]
,_ .................................................... _7_ .................................................... _7000
L. 1 L1 NEEN A I B B
0 15 30 45 60 O 15 30 45 60

Centrality percentile

FIG. 2. Magnitude of SPC among three symmetry planes. The statistical and systematic uncertainties are depicted as lines and boxes,

respectively.

| Correlations
o © ©°
= = N

o
[N)

o
o

I L e B I B NN

[ (3) ALICE Pb—Pb /sy =5.02Tev  § (0 ]

- 0.2 <pr<5.0GeV/c I + —0.15
<08 .4 -3 + ! + + :

i —0.10
& ¢ 1 + ]

-9 E: o + 4 o.05
g 1 walsl ]
3 T (0] ]

Rl % % % _!glmm ...................................... J0.00
— o1 (cos[2W, — 3W5 — 4V, + 5Ws]) 1 0 (cos[4V, + 6W5 — 4V, — 6W]) ]

071 (coS[6W, + 3W3 — 4W, —5Ws])  F o (cos[2W; — 4W, — 5Ws + TW;]) 47005
% 1(cos[4W, — 3W3 +4W, —5Ws])  § o (cos[2W; + 3W5 — 4W, + 5Ws — 6Wg]) ]
by e 110010
0 15 30 45 60 0 15 30 45 60

Centrality percentile

FIG. 3. Magnitude of SPC among four and five symmetry planes. The statistical and systematic uncertainties are depicted as lines and

boxes, respectively.

064913-6



HIGHER-ORDER SYMMETRY PLANE CORRELATIONS ...

PHYSICAL REVIEW C 111, 064913 (2025)

|(a‘)‘ T T T T '(B)‘ T 1 T]
OOO:_..EI ................................................ e _: OOO
o o — o E -0.01
-0.01 ]
i ¥ m ¢ -{-0.02
—0.02f o é = ¢ b 4-0.03
i ¥ $ ] 0.0
—003:— ({cos[2W, + 6W3 — 8W, 1)+ ({cos[9W3 — 4V, — 5Ws])+ E_ 04
L9 (cos[B6(W3 — W,)]))/2 a2 {cos[4W; = 3Ws +4W, —5Ws1)2 {_q o5
2 —0.04F (cos[4(W, — W,)]) x [ (cos[2W; — 6W3 + 4W,]) x 1
S TP TE (cos[2w, — 6W; + 4W,]) E % {cosl2w; + 35 — 5W5]) d-0.06
© o I I IR R S A R AU R
v "(‘)H"HH"H"HH'”'(&)H"HH'HH'HH"
5 0.4F'Y ((cosi2w, —3Ws — 4w, + 5w+ T ({cos[8(Wg — W5) 1)+ —10.08
o E 9 (cos[6W, + 3W5 — 4W, — 5Ws1))/2 O (cos[8(Wg — W) 1))2 1
[ (cos[4(Ws —W2)])x ] (cos[4(Ws —W2)])x ]
0.3 "#(Cos[2W, + 3W, — 5Ws]) T "% (coslaV, + 4V, — 8W,]) —10.06
0.2f o o - v Jo.04
& & $ ¢ 1
[ o & i i
i : s} o ]
0.1 ALICE Pb—Pb /syy = 5.02 TeV|~ ® % ® & —0.02
I ® 0.2<pr<5.0GeV/c 1 ® ®
[ In|<0.8 1 % i
0.0_’ ................................................ < — O_OO
A B B B B o 1 1]
0 15 30 45 60 0 15 30 45 60

Centrality percentile

FIG. 4. Correlations between different sums of SPC compared with their respective products following Eq. (8), in the case of five different
SPC. The statistical and systematic uncertainties are depicted as lines and boxes, respectively.

averages over all events and, thus, Eq. (5) becomes

2(cos(a) cos(b)) = (cos(a + b)) + (cos(a — b)). (6)

If no direct correlation between cos(a) and cos(b) is assumed,
the following approximation can be made:

(cos(a)){cos(b)) ~ (cos(a) cos(b)). @)
Inserting Eq. (6) into Eq. (7) then gives
2(cos(a))(cos(b)) ~ (cos(a + b)) + (cos(a — b)). ®)

Figure 4 presents the interdependence among five dif-
ferent combinations of harmonics through the correlations
among different sums of SPC compared with their respec-
tive products. Panel (a) in Fig. 4 shows that the observed
dependencies align well with the approximation given by
Eq. (8), while panels (b)—(d) deviate from it. For panel (b),
the (cos[2W, — 6W3 + 4W,]) and (cos[2W; + 3W¥; — 5Ws])
do not fully decorrelate in the form of Eq. (7), indicating a
potential dependence or correlation between them. Since the
approximation in Eq. (8) does not fully apply, this dependence
does not fully explain the unexpected negative correlation
observed for (cos[4W,; — 3W; + 4W¥, — 5Ws]), as discussed in
Sec. III A. Nonetheless, the negative correlation could then
result from the correlation between (cos[2W,; — 6W; 4+ 4W,])
and (cos[2W; + 3W3 — 5Ws]). In Sec. IIT A it was also noted
that (cos[6W; + 3W; — 4W, — 5Ws]) has a relatively large
correlation. If the approximation in Eq. (8) could be applied
with (cos[6W; + 3W3 — 4W, — 5Ws]), then the large corre-
lation could be explained directly with the interdependence

of the other three harmonics found in the appliance of the
approximation. However, it can be seen in panel (c) that
the observables only follow the approximation from Eq. (8)
in central collisions, but start disagreeing for centrality per-
centiles above 20%. As they do not agree in all centrality
intervals, the cause for the large correlation cannot be ex-
plained fully by the interdependence. Finally in panel (d),
the difference between left- and right-hand sides of Eq. (8)
results from a correlation between (cos[4(W4 — W;)]) and
(cos[4Wy + 4V, — 8Wg]).

To draw comprehensive conclusions, it is essential to quan-
tify the correlations between different SPC observables. One
potential approach is to measure the cumulants of symmetry
plane correlations (CSC) defined in Ref. [38]. Nevertheless,
the CSC in Ref. [38] pose strong requirements of correlating
SPC to not share any symmetry planes, V,,. For example, if
SPC A is composed of symmetry planes ¥, and W;, and SPC
B of W, and ¥, , then for CSC between SPC A and B it is
required that a, b # c, d. These requirements are not satisfied
with most observables presented in this subsection. Future
studies are needed to address these correlations between SPC
in depth and to check for less strict requirements in the CSC
definition.

C. Comparison with models

These new experimental measurements of SPC are com-
pared to predictions from two different state-of-the-art hy-
drodynamic models. The first model is the event-by-event
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predictions from TR ENTo calculated with cumulant expansions are shown as blue bands. The lines (boxes) represent the statistical (systematic)
uncertainties of the experimental data. The widths of the bands denote the statistical uncertainty of the model predictions.

EKRT+hydrodynamics [59,60], which combines next-to-
leading order perturbative QCD and a saturation model
[61,62] to determine the initial energy density profiles. The
evolution of the QGP medium is described with viscous hy-
drodynamics, with a parametrization of the specific shear
viscosity, n/s(T) = dyn, based on dynamical freeze-out con-
ditions [60]. It is important to note that this model does not in-
clude a hadronic afterburner; instead the hadronic interactions
and transport processes are carried out in the hydrodynamic
framework that includes partial chemical freeze-out and dy-
namical kinetic freeze-out conditions. As such, the final-state
predictions are derived directly with particles obtained at the
hydrodynamic surface. The effect of hadronic interactions on
SPC are discussed in detail in Appendix B. The calculations

presented in this paper were obtained with 103 events. The
second model is TRENTo+ VISH(2+1)4+UrQMD [63-66],
referred to hereafter as TRENTo+ iEBE-VISHNU+UrQMD.
The TRENTo model [67] is an initial-state model introduced
to study high-energy nuclear collisions from pp to A-A sys-
tems. It is based on the use of a generalized mean of the
nuclei’s energy density, with a free parameter whose value
allows TRENTo to reproduce the behavior of different mod-
els for initial conditions. Its output is then connected to the
causal hydrodynamic evolution model, VISH(2+1) [66]. The
hadronization and evolution of the final-state particles are de-
scribed with the UrQMD model [63,64]. The free parameters
of this hybrid model, like the initial conditions or QGP trans-
port properties, were determined using the global Bayesian
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model predictions.

analysis [9]. About 198 million events were simulated to ex-
tract the predictions presented in this paper. The initial-state
calculations from TRENTo were obtained using one million
generated events.

In heavy-ion collisions, the anisotropies in the final-state
particle azimuthal distribution originate from the medium re-
sponse to the anisotropies in the initial-state geometry. As in
the final state, the asymmetries in the initial geometry can
be described with a Fourier series, where the flow ampli-
tudes v, are replaced by the moments of the initial energy
density, the eccentricities &,, and the symmetry planes W,
by the participant planes ®, [68]. Another description of the
initial geometry relies on the cumulants of the initial energy
density. It was shown in Refs. [21,57,58] that the cumulant
formulation leads to a more accurate representation of the
asymmetric geometry. This is due to lower-order contributions
in the higher-order eccentricities that are removed with the
cumulant approach. As such, only the cumulant expansion is
used in this study to extract the initial-state predictions. As an
example, a cumulant expansion of fourth-order anisotropy can
be expressed as

212
1€ — g, 0405 4 3 {r7} 2ol
4 — ¢4 _{r4} 2 s

where ¢ describes the eccentricity of the initial energy density
distribution and {: - -} defines an average with respect to the

€))

energy density. In Eq. (9) ®, and ¢, are defined as participant
planes in cumulant and moment expansions, respectively. For
the lowest-order harmonics (n < 4) these are the same, while
the higher-order cumulants start to differ from the moments
due to their dependence on the lower-order eccentricities.
Detailed descriptions of the cumulant and moment expansions
can be found in Refs. [57,58]. In the following results, the
initial-state predictions are obtained by evaluating correlations
between participant planes, ®,, defined in the cumulant ex-
pansion. Due to the difference in magnitudes between initial-
and final-state fluctuations, observables like the SC must be
normalized to allow for proper comparisons between the dif-
ferent stages of the collisions. This procedure is not necessary
for SPC, as the fluctuations of the flow amplitudes are already
canceled out by the ratio in Eq. (4). Therefore, the correlations
between participant planes and between symmetry planes of
the same harmonics can straightforwardly be compared, al-
lowing one to infer on the impact of the medium response on
the initial-state correlations.

Figure 5 presents the correlations between two and three
different symmetry planes involving W,, W3, and W4, com-
pared with predictions from both models. The absence of cor-
relations between W, and W3 [Fig. 5(a)] seen in the data is well
reproduced by EKRT-+hydrodynamics within uncertainties.
The predictions from TrENTo+ iEBE-VISHNU4-UrQMD
also capture the flat centrality dependence of (cos[6(W; —
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FIG. 7. Comparison of the centrality dependence of the correlations between different combinations of W,, W3, Wy, and W5 (red circles)
with the theoretical predictions from TR ENTo+ iEBE-VISHNU+UrQMD [63-66] and EKRT+hydrodynamics [60] shown as green and gray
bands, respectively. Initial-state predictions from TR ENTo calculated with cumulant expansions are shown as blue bands. The lines (boxes)
represent the statistical (systematic) uncertainties of the experimental data. The widths of the bands denote the statistical uncertainty of the

model predictions.

;)] but slightly overestimate the values. The latter confirms
the outcome of the comparisons at lower energies discussed
in Ref. [21]. In contrast, the initial-state predictions show
a clear deviation from zero for centrality percentiles above
30%, indicating effects beyond linear hydrodynamic response
for W, and V3. For the SPC between W, and W, in panels
(b) and (d), both final-state calculations capture the trend
but not the magnitude of the data. The calculations from
EKRT-+hydrodynamics generally present less discrepancy
with the experimental values, and both models show the best
agreement with data in central collisions. As the linear re-
sponse between W, and W, dominates for centralities up to
10% [69], the difference between data and model calculations
in semicentral collisions may originate from the nonlinear
coupling itself. Furthermore, the difference in magnitude
between (cos[4(W, — W;)]) and (cos[8(W4 — W,)]) is approx-
imately reproduced by both models. Whereas the final-state
predictions start to saturate, and even decrease, in the most
peripheral collisions considered in this study, the initial-state
predictions increase monotonically in the studied centrality
range. Panels (c) and (e) show two different correlations of the
three symmetry planes. Both models provide similar predic-
tions and qualitatively reproduce the trend of the experimental
data. As observed in the various two-harmonic SPC, data and
models are in agreement within their respective uncertainties

in central collisions up to 20%. The initial-state predictions
(obtained with TR ENTo) are positive for both SPC, albeit with
different centrality dependence, as opposed to the negative
correlation observed for the final-state particles. Such behav-
ior was already observed in the measurements by ALICE at
A/Syv = 2.76 TeV [21], where the differences between the
initial and final states were attributed to the hydrodynamic
evolution of the system.

The correlations between three symmetry planes up
to Ws are shown in Fig. 6, alongside their respective
model calculations. The top panels present the SPC be-
tween W,, W3, and Ws. As in Fig. 5, the predictions
from EKRT+hydrodynamics better reproduce the data, al-
though, both models drastically overestimate the magnitude
of (cos[2W, + 3W3; — 5W¥s]). For both observables in the
top panels, the trends of initial-state predictions are similar
with the final-state predictions and the data in central col-
lisions, but have large increases in the peripheral collisions.
Panels (c) and (d) in Fig. 6 show (cos[9W; — 4V, — 5Ws])
and (cos[3W3; — 8W, + 5Ws]), respectively, measured for the
first time with the GE method. Similarly, as for the cor-
relations between W,, W3, and W4, the model calculations
qualitatively describe the negative signature of the data.
An interesting point to highlight is the difference in the
behavior of the initial-state predictions from TrRENTo be-
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tween the two observables. While (cos[9W; — 4W, — 5Ws])
is negative and agrees with the data in central collisions,
it strongly increases to positive values in more peripheral
events. This is in contrast with the initial-state predictions for
(cos[3W; — 8W, + 5Ws]) that are positive in all centralities.
Such difference can be explained by the respective cumu-
lant expansions of both SPC, where (cos[3W; — 8W, + 5Ws])
contains additional correlations between the second-, third-,
fourth-, and fifth-order participant planes.

Three different correlations between W,, W3, W4, and
Ws can be seen in Fig. 7. The SPC (cos[2W¥, — 3W¥; —
4¥, + 5Ws]) and (cos[6W; + 3W3 — 4W, — 5Ws]) shown in
panels (a) and (b), respectively, have similar magnitude
and centrality dependence for model predictions and data.
Both calculations, TRENTo+ iEBE-VISHNU+UrQMD and
EKRT+hydrodynamics, reproduce the centrality dependence
of the experimental values but not their magnitude. The
predictions from EKRT+hydrodynamics are, as seen previ-
ously, closer to the data and in agreement with them within
uncertainties for the 0-20% centrality interval. This range
also corresponds to the one where the initial-state calcula-
tions from TRENTo are in agreement with the data, but not
with the final-state results from TR ENTo+ iEBE-VISHNU+
UrQMD.

Finally, the results for (cos[4W, — 3W; 4 4W, — 5Ws])
shown in panel (c) of Fig. 7 present the most striking

differences with the (cos[2W, — 3W; —4W¥, 4+ 5Ws]) and
(cos[6W; + 3W3 — 4w, — 5Ws]). While the initial-state pre-
dictions are still positive, the final-state results for both
the models and the experimental measurements are nega-
tive. As discussed in Sec. III B, this observable is expected
to be consistent with zero but obtains negative magnitude
due to correlations between (cos[2W, — 6W3 + 4W,]) and
(cos[2W, 4 3W3 — 5Ws]).

Figure 8 gathers the model predictions for the two- and
three-harmonic SPC involving up to We. Both final-state mod-
els manage to capture the trend but not the magnitude of the
data. The initial-state predictions show similar trend as the
final-state predictions for (cos[6(Ws — W;)]) and (cos[2W; +
4¥, — 6Yg]), while the initial- and final-state predictions for
(cos[6(We — W3)]) have opposite trends. The increasing and
decreasing trends of initial- and final-state predictions for
(cos[6(We — W3)]) were also noted in the lower energy anal-
ysis in Ref. [21].

D. Beam energy dependence

Figure 9 shows different two- and three-harmonic
SPC compared with the measurements in Pb-Pb
collisions at ,/syv =2.76 TeV [21], along with the
EKRT+hydrodynamic model predictions at the two collision
energies. No significant energy dependence is observed for
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FIG. 9. Comparison of different two- and three-harmonic SPC measured at ,/syy = 2.76 TeV(red circles) [21] and at /syy = 5.02 TeV
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(brown and green bands, respectively). The lines (boxes) represent the statistical (systematic) uncertainties in the experimental data. The widths

of the bands denote the statistical uncertainty of the model predictions.

the data as the SPC at different beam energies agree with
each other within 1.10 over the full centrality range (for
more details, see Appendix C). However, when checking in
more detail the evolution with centrality, the four different
combinations of SPC shown in Fig. 9 present an interesting
behavior for both the experimental data and the calculations
from EKRT+hydrodynamics.

In all four cases, the results at both energies are in good
agreement for centralities up to 40%. Beyond this centrality,
the magnitudes of the SPC measured at higher beam energy
tend to be slightly larger, even though strong conclusions
cannot be drawn considering the current uncertainties. A
difference in the same direction and with more pronounced
magnitude is seen also in the model predictions. This trend
suggests that the longer duration of the QGP phase in Pb-Pb
collisions at higher center-of-mass energy may be a contribut-
ing factor in the lesser dissipation of the correlations when
compared to the ones at lower beam energies [70,71].

IV. SUMMARY

This article presents the measurements of the correlations
between different symmetry planes in Pb-Pb collisions at
/Svnv = 5.02 TeV using the recently developed Gaussian es-
timator technique, which allows one to eliminate the bias in
previously used estimators stemming from correlated flow

amplitudes. The larger data sample allows the analysis to
be extended by including more combinations of harmon-
ics than previously reported in Pb-Pb collisions at /syy =
2.76 TeV [21]. Furthermore, the first measurement of the
correlations between five different symmetry planes is shown.
The investigation of the centrality dependence of the various
symmetry plane correlations (SPC) confirms the influence
of the order of the SPC and the collision centrality on the
correlation strength. In addition, for every harmonic-order
SPC, the number of correlating particles has a considerable
impact on the hierarchy of the correlation strength as seen
previously in the results at ,/syy = 2.76 TeV. No significant
energy dependence is observed within the uncertainties in the
comparison of the present data with the measurements at the
lower center-of-mass energy. The measured results are com-
pared with state-of-the-art hydrodynamic model calculations.
These calculations qualitatively describe the data showing
large differences for correlators exhibiting a significant non-
linear response of the medium to initial-state geometry. The
EKRT+hydrodynamic model is in better agreement with the
data than the TRENTo+ iEBE-VISHNU4UrQMD model,
especially for correlations involving W, and W,. This dis-
agreement between the models can partially be explained
with the effects of hadronic afterburner that is included
in TRENTo+ iEBE-VISHNU+UrQMD but is absent in
EKRT+hydrodynamics. Nevertheless, deviations from the
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data are observed in both models, mainly for peripheral
collisions. The correlations between different symmetry
planes offer insights into the impact of the medium response
on initial-state correlations. The comparisons indicate that the
models tend to overestimate the experimental values, possi-
bly due to factors such as the nonlinear response from the
initial state to the final state or the use of inaccurate pa-
rameters. More specifically, the EKRT and iEBE-VISHNU
with TRENTo framework exhibit distinct characteristics in
their initial-state correlations and subsequent hydrodynamic
evolution. These discrepancies provide constraints for refining
both initial condition parameters and final-state evolution in
heavy-ion collision models. The interplay between the initial
conditions and hydrodynamic response, thus, becomes visible
in results as deviations from experimental measurements. The
SPC’s sensitivity to model parameters not only constrains the
QGP parameters, but also helps us understand the underlying
physics at each stage of the heavy ion collision and how these
stages combine.

In conclusion, this study provides valuable insights into the
correlations between symmetry planes in heavy-ion collisions
and highlights the need for further improvements in modeling
the QCD matter properties in ultrarelativistic heavy-ion colli-
sions.
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FIG. 10. Comparison of the centrality dependence of the correlations among different combinations of W, W3, Wy, Ws, and We (red
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calculated with cumulant expansions are shown as blue bands. The lines (boxes) represent the statistical (systematic) uncertainties in the
experimental data. The widths of the bands denote the statistical uncertainty of the model predictions.
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APPENDIX A: FURTHER MODEL COMPARISONS

This Appendix presents observables not shown in Figs. 5-8
compared with model calculations. Due to their large un-
certainties, no final-state calculations from TR ENTo+ iEBE-
VISHNU+-UrQMD are presented in Figs. 10-12.
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FIG. 11. Comparison of the centrality dependence of the correlations between different combinations of SPC involving planes up to W,
(red circles) with the theoretical predictions from EKRT+hydrodynamics [60] shown in gray bands. Initial-state predictions from Tr ENTo
[63—66] calculated with cumulant expansions are shown as blue bands. The lines (boxes) represent the statistical (systematic) uncertainties in
the experimental data. The widths of the bands denote the statistical uncertainty of the model predictions.
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FIG. 12. Comparison of the centrality dependence of the correlations between different combinations including Wg (red circles) with the
theoretical predictions from EKRT+hydrodynamics [60] shown in gray bands. Initial-state predictions from Tr ENTo [63-66] calculated with
cumulant expansions are shown as blue bands. The lines (boxes) represent the statistical (systematic) uncertainties of the experimental data.
The widths of the bands denote the statistical uncertainty of the model predictions.

Additional combinations involving the symmetry planes
Wy, W3, Wy, Ws, and W can be seen in Fig. 10, including
the first measured five-harmonic SPC among those planes.
Contrary to the previous observations, the predictions from
EKRT+hydrodynamics not only overestimate the data but
also do not manage to reproduce their centrality dependence.
The complexity of the interplay between the nonlinear re-
sponse of W5 and W may be the cause of such a discrepancy.
This confirms the need for higher-order observables to adjust
the parameters in the theoretical models as well as the need for
the improvement of the models themselves. Furthermore, the
comparison of the initial-state predictions from TR ENTo with
the experimental data hints at a dampening of the initial state
correlations, especially in more peripheral collisions. This
might be due to a non-negligible nonlinear response, which
has to be addressed by future studies.

Figures 11 and 12 show results for four different SPC
involving W; and Wg, respectively. As for the results in
Fig. 10, the predictions from EKRT+hydrodynamics [60]
cannot reproduce the centrality dependence of the experimen-
tal values. Interestingly, the calculations in Figs. 11(a)-11(c)
and in Figs. 12(a), 12(b), and 12(d) all present similar strongly
decreasing signals for centrality percentiles above 40% for
the cases involving W7 and above 30% of centrality for Ws.
In general, a decrease of correlation strength is expected
in the transition from semicentral to peripheral collisions
as the QCD medium produced becomes less thermalised.

Thus, initial-state correlations are not properly transferred
into the final-state momentum space, leading to the observed
decrease in the correlation strength. Note that the decease
of correlation strength towards peripheral collisions seems in
general to occur faster in the EKRT+hydrodynamics predic-
tions than in the data, which could indicate a less thermalized
medium in the model predictions. As the predictions from
EKRT+hydrodynamics are extracted at the hydrodynamic
surface and, thus, do not contain separate hadronic transport
models, further studies are required in that direction.

APPENDIX B: EFFECT OF HADRONIC INTERACTIONS

In model comparison section (Sec. III), a quantitative
difference was found between EKRT+hydrodynamics and
TrENTo+ iEBE-VISHNU+UrQMD, which could be caused
by a lack of hadronic afterburner model in the former.
To quantify the effects of hadronic interactions on SPC,
model set TRENTo+ iEBE-VISHNU+UrQMD is run without
UrQMD and the results are compared. Figure 13 displays
the model outcomes of TRENTo+ iEBE-VISHNU+UrQMD
and TRENTo+ iEBE-VISHNU, which are compared with the
EKRT+hydrodynamics and experimental results. A clear dis-
tinction in the magnitude between TR ENTo+ iEBE-VISHNU
with and without UrQMD is shown for (cos[4(¥4; — ¥;)])
and (cos[2W, + 3W3 — 5Ws]). For these observables the
TrENTo+ iEBE-VISHNU predictions are of similar order
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with EKRT+hydrodynamics and, hence, in better agreement
with the data. For (cos[6(W3; — W;)]) and (cos[2W; + 6W; —
8W,]) the hadronic interactions do not increase the magnitude,
and the predictions from all three models are in a better
agreement. As such, the difference between TR ENTo—+ iEBE-
VISHNU+UrQMD and EKRT+hydrodynamics can be par-
tially explained with inclusion of a hadronic cascade model
in the former. Nevertheless strong conclusions cannot be
made because for TRENTo+ iEBE-VISHNU+UrQMD and
EKRT+hydrodynamics the model parameters are tuned
to represent experimental data, mainly particle yields,
anisotropic flow, and mean transverse momentum distri-
butions. Here TrRENTo+ iEBE-VISHNU predictions are
evaluated with same parametrization as for TRENTo+ iEBE-
VISHNU+UrQMD, and with that parametrization the model
does not reproduce the aforementioned experimental data. On
average, the model produces fewer particles with higher trans-

verse momentum when run without UrQMD. The parameter
optimization for the model without UrQMD is beyond the
scope of this paper. Hadronic interactions play an important
role in modeling heavy-ion collisions, but a more detailed
analysis is needed to fully conclude their effects.

APPENDIX C: COMPARISON WITH RESULTS
AT LOWER BEAM ENERGY

Figures 14 and 15 display the comparison between the
present results from Pb-Pb collisions at /syy = 5.02 TeV
and the SPC measured in Pb-Pb collisions at ./syy =
2.76 TeV by ALICE [21]. In Fig. 14, the comparisons for the
two-harmonic SPC (cos[6(¥; — ¥3)]), (cos[4(W4 — W5)]),
(cos[6(We — W,)]), and {(cos[6(W¢ — W3)]) are shown. With
the current uncertainties, no significant deviation can be
observed between the results at ./syy =2.76 TeV and
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/Snvnv = 5.02 TeV, and thus the data do not support a strong
energy dependence for those two-harmonic SPC. Compared
with the results in Ref. [21], the present analysis manages
to extend the upper centrality limit from 50% to 60%. This
extension of centrality range further indicates a decreasing
correlation for (cos[4(W4 — W5)]), {(cos[6(Wes — W5)]), and
(cos[6(We — W3)]) in peripheral collisions. The reason for the
observed decrease in the correlation strength is discussed in
Appendix A. The SPC (cos[6(¥, — W3)]) was found to be
compatible with zero within the uncertainties for all centrality
intervals in the analysis at \/syy = 2.76 TeV by ALICE [21].
With the increased precision of the present analysis, the cor-
relation signal of (cos[6(W,; — W3)]) is still compatible with
zero within n, = 2.1. The interpretation of this absence of
correlation is discussed in Sec. III C.

Similarly, Fig. 15 presents the energy dependence for
three- and four-harmonic SPC. As in the case of the two-
harmonic SPC, no significant energy dependence can be
observed within the current uncertainties. Except for the three-
harmonic SPC (cos[8W; — 3W; — 5Ws]), the present analysis
manages to extend also the three- and four-harmonic mea-
surements of Ref. [21] up to 60% centrality. For the two
SPC (cos[8W,; — 3W; — 5Ws5]) and (cos[2W, — 3W; — 4, +
5Ws]), correlation signals are extracted in the 0-5% centrality
for the first time as well. Overall, this extension adds to the
available information of SPC in Pb-Pb collisions at LHC ener-
gies. Furthermore, the results at ,/syy = 5.02 TeV reinforce
the observations from Ref. [21] of (cos[8W; — 3W; — 5Ws])
being compatible with zero in the whole centrality range
(n, = 0.82 significance).
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