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Systematic study of flow vector fluctuations in ,/syy = 5.02 TeV Pb-Pb collisions

S. Acharya et al.*
(ALICE Collaboration)

® (Received 4 April 2024; accepted 10 May 2024; published 13 June 2024)

Measurements of the pr-dependent flow vector fluctuations in Pb—Pb collisions at /syy = 5.02 TeV using
azimuthal correlations with the ALICE experiment at the Large Hadron Collider are presented. A four-particle
correlation approach [ALICE Collaboration, Phys. Rev. C 107, L051901 (2023)] is used to quantify the effects
of flow angle and magnitude fluctuations separately. This paper extends previous studies to additional centrality
intervals and provides measurements of the pr-dependent flow vector fluctuations at /sy = 5.02 TeV with
two-particle correlations. Significant pr-dependent fluctuations of the V, flow vector in Pb—Pb collisions are
found across different centrality ranges, with the largest fluctuations of up to ~15% being present in the 5%
most central collisions. In parallel, no evidence of significant pr-dependent fluctuations of V5 or V, is found.
Additionally, evidence of flow angle and magnitude fluctuations is observed with more than 5o significance in
central collisions. These observations in Pb—Pb collisions indicate where the classical picture of hydrodynamic
modeling with a common symmetry plane breaks down. This has implications for hard probes at high pr, which
might be biased by pr-dependent flow angle fluctuations of at least 23% in central collisions. Given the presented
results, existing theoretical models should be reexamined to improve our understanding of initial conditions,

quark—gluon plasma properties, and the dynamic evolution of the created system.

DOI: 10.1103/PhysRevC.109.065202

I. INTRODUCTION

Studies of ultrarelativistic heavy-ion collisions at the Rel-
ativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) have demonstrated the formation of a strongly
interacting matter called quark—gluon plasma (QGP) [1-7].
The space-time evolution of the QGP is well described by
relativistic viscous hydrodynamic models [8,9]. An observ-
able consequence of the QGP creation in these collisions is the
anisotropic flow in the plane transverse to the beam direction
[10-16]. This anisotropy can be quantified by the Fourier
decomposition of the distribution of the azimuthal angle of the
final-state particles relative to the common symmetry planes
(171,
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where ¢ is the azimuthal angle of the emitted particles. The
v,(pt, n) and ¥, (pt, n) are the magnitude and orientation
of the nth-order flow vector V,(pr, n) = v,(pr, n)e"Yn¥rm,
respectively, which may depend on the transverse momentum
(pr) and the pseudorapidity (n) of the particles. This flow
vector is affected by the initial collision geometry, which is
dominated by the shape of the overlap region in the transverse
plane between the colliding nuclei [18]. The initial anisotropy,
the magnitude and orientation of which is quantified by the
eccentricities €, and corresponding participant planes P,
[19-21], respectively, is converted into final-state momentum
anisotropy by the interactions among the constituents of the
QGP. For a uniform nuclear matter distribution in the ini-
tial state, the various symmetry plane angles, V,, coincide
with the reaction plane defined by the impact parameter and
beam direction for n > 1 [17]. However, due to event-by-
event fluctuations of the position of the nucleons inside the
nuclei and of the partonic constituents inside the nucleon,
the symmetry plane angles, W,, fluctuate around the reac-
tion plane, leading to nonzero odd flow coefficients [19,22—
24]. Nonzero and large values of flow coefficients have been
observed at both RHIC [4-7] and the LHC [14-16,25-32].
The flow coefficients v, and their event-by-event fluctuations
serve as excellent probes for constraining the initial state of
heavy-ion collisions and for quantifying some of the QGP
properties, such as the transport coefficients [18,23,33-39].
The anisotropic flow coefficients can be measured in a pr-
differential way by assuming that the two-particle correlation
factorizes into a product of two single-particle flow coeffi-
cients, each a function of the properties of only one of the
particles. Keeping the terminology from dihadron correlation

©2024 CERN, for the ALICE Collaboration
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measurements of V, o [40—43], one particle is denoted as the
associated (a) and the other particle is denoted the trigger
(t). The associated and trigger particles are chosen from a
variable and fixed pr range, denoted p4 and pf, respectively.
Factorization of the two-particle correlation V,» between the
trigger and associated particles can be described as

Vaa (PTs P1) = va(P7) v (Pr) )

where the v,(p}) and v,(p}) are the flow coefficients for the
associated and trigger particles with transverse momenta pj.
and pk, respectively. The factorization breaks down in hydro-
dynamic calculations due to the event-by-event fluctuations of
the initial energy density of the heavy-ion collision [44,45].
The breakdown of factorization has been observed at the LHC
in Pb—Pb collisions at ,/sny = 2.76 TeV and p—Pb collisions
at /snn = 5.02 TeV [41,46,47]. This breakdown is directly
related to the flow vector fluctuations in different kinematic
regions. The flow vector may fluctuate as a function of pr in
both magnitude and angle [19,21]. As such, the flow angle,
W, (pr), will “wander” around the common symmetry plane
angle W, [44]. This, in turn, implies that the pr-integrated
flow magnitude, v,,, should be interpreted as the flow of parti-
cles with respect to an integrated symmetry plane determined
with particles from a specific and typically wide pr range.
The pr-dependent flow angles also contribute to breaking the
factorization in Eq. (2), as the equality in Eq. (2) assumes a
single common symmetry plane angle for all particles in an
event.

The pr-dependent flow fluctuations can be probed with the
principal component analysis (PCA) [48-52], which can iso-
late subleading flow modes. The PCA has been successfully
used to measure the event-by-event flow fluctuations [53] and
the factorization breaking of two-particle correlations V5 as a
function of both pr and pseudorapidity n [54]. The decorrela-
tion effects measured in 1 provide insight into the longitudinal
hydrodynamic evolution of the system created in heavy-ion
collisions and go beyond the assumption of a boost-invariant
system used in many theoretical models [47,55]. However,
measurements with the PCA technique have yet to isolate the
flow angle and flow magnitude fluctuations. In this paper the
flow vector fluctuations are integrated over pseudorapidity and
are only studied as a function of pr.

The usual way of measuring the flow vector fluctuations
is with observables constructed from two-particle correlations
[44,45]. Such measurements have shown significant flow vec-
tor fluctuations in central Pb—Pb collisions [46,47]. However,
such measurements do not allow quantifying the individual
contributions of the flow angle and magnitude fluctuations
to the total flow vector fluctuations. Hydrodynamic models
have predicted that the fluctuations of W, constitute more than
half of the overall flow vector fluctuations [44]. Observables
constructed from four-particle correlations are necessary to
cancel out contributions from the flow angle or magnitude.
Such observables were first presented in Ref. [56] in selected
centrality intervals and revealed significant flow angle and
magnitude fluctuations in central Pb—Pb collisions. In this
paper the study in Ref. [56] is extended to additional centrality
intervals, and measurements of flow vector fluctuations with

two-particle correlations at a collision energy of /sy = 5.02
TeV are also presented.

The paper is structured as follows: Section II describes
the method used to calculate the observables, while the ex-
periment and data are described in Sec. III. The treatment of
statistical and systematic uncertainties is covered in Sec. IV,
and the results are presented in Sec. V. Finally, a summary is
given in Sec. VL

II. METHOD

The m-particle correlations are calculated with the generic
framework [57], an algorithm that calculates multiparticle
azimuthal correlations corrected for nonuniform azimuthal
detector acceptance and nonuniform detector efficiency. The
flow coefficients are defined from the Fourier expansion in

Eq. (1),
(vn) = ({cosn(p — W,))), 3)

where the single set of brackets, (), denotes an average over
events, while the double set of brackets, ({)), denotes an
average over both particles and events. The flow angles, W,
cannot be measured experimentally event-by-event, so the
root-mean-square of the flow coefficients are calculated with
two-particle correlations [58],

(v2) = ((cosn(pr — @2))). @)

The pr dependence of the flow coefficient is usually studied
with the differential flow coefficient v, {2}(pr) [58]:

({cos [n(¢7®" — ¢2)]))

A/ {{cos[n(er — ¢2)]))

_ (vn(pr) vy cos[n(W,(pr) — \Ijn)D. )
(vr)

The ¢P°! and ¢ refer to the azimuthal angles of the particles
of interest (POI) and reference flow particles. The pr refers to
the pr of the POIs selected from narrow pr ranges. The ref-
erence flow particles are chosen from a wide kinematic range,
which should ideally be limited to a region dominated by
collective behavior. The W, (pr) represents the pr-differential
symmetry plane angles at a specific pr range, which might
fluctuate around the reference symmetry plane angles W,. The
effect of the difference between W, (pr) and ¥, due to pr-
dependent flow angle fluctuations, is quantified by the cosine
term (cos[n(\V,(pr) — W,)]). The effects of the pr-dependent
flow coefficient fluctuations are observed when the factoriza-
tion hypothesis is broken:

<Un(pT)vn) # \% <Un(pT)2)\/ <vr21> (6)

Aside from the effects of the pr-dependent fluctuations of the
flow angle and the flow magnitude, v,{2} also has contribu-
tions from nonflow sources such as jets or resonance decays.
Such sources provide a flow signal but are not associated
with bulk particle production or correlated with the symmetry
plane angles W,,.

Un{z}(PT) =
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To account for these effects, another two-particle correla-
tion was proposed in Ref. [44],

0121(pr) = {{cos [n(gFOr — gFON)])
=V (ua(p1)?), %)

that is not affected by fluctuations in the flow angle or flow
coefficient, and it is less affected by nonflow effects than
v,{2}. The difference between v,{2} and v,[2] is that the
former takes the reference flow from a wide kinematic range
and the POIs from a small pr interval, and the latter takes
two POIs from the same narrow pt range. Since v,[2] is not
affected by the flow angle and flow magnitude fluctuations,
the pr-dependent flow vector fluctuations can be probed by
taking the ratio of v, {2} and v,[2]:

va{2}  (va(pr) v cOs n[W,(pr) — Wal) ®)
ol2] oA/ 12)

If the ratio v,{2}/v,[2] is smaller than unity, it indicates the
presence of pr-dependent flow vector fluctuations.

Another way to study flow vector fluctuations is to examine
the factorization of two-particle correlations from different
transverse momentum regions. Factorization of two-particle
correlations was observed to hold in some kinematical ranges
in Refs. [29,31,41,59] but is shown not to hold in general in
Ref. [45]. The factorization can be tested with the factoriza-
tion ratio r, [45]:

Vaa (P Pr)
JVos (B, P2)Vaa (9, 1)

_ (vn(ph)un(ph) cos [ () — () ]) ©

(v2 (P5) vz (pY))

which is a particular case of the ratio shown in Eq. (8),
obtained by taking particles from two different narrow pr
ranges. Most known sources of nonflow do not factorize at
low pr [60], so r, =1 does not always hold. In a system
dominated by flow, with no or negligible nonflow effects, r,
is smaller than or equal to unity due to the Cauchy-Schwarz
inequality [45]. The factorization holds when r, equals unity,
while r, smaller than unity indicates the presence of pr-
dependent flow vector fluctuations. If the triggered particles
are selected from a wide kinematic range (making them equiv-
alent to the reference particles), then r,, becomes identical
to v,{2}/v,[2]. In general, however, r, provides information
about the structure of the two-particle correlations for trig-
gered and associated particles, probing the fluctuations of the
flow vector at p} and pf. In contrast, the ratio v,{2}/v,[2]
includes the pr-integrated information and probes the pr-
differential flow vector with respect to the pr-integrated flow
vector.

The ratio v,{2}/v,[2] and the factorization ratio r, carry
information about the flow angle and magnitude fluctuations
but cannot isolate both contributions. Thus, it is desirable to
separate these two effects to quantify the contributions from
each source.

Ty =

The flow angle fluctuations are studied with the observable
Af,, which aims to isolate the pr-dependent fluctuations of the
flow angle [56],

¢ _ ({cos[n(ef” + 93" — ¢35 — @)]))
({cos [n(ef" + g2 — 03" — @) ]))
_ (va(pr)? vZ cos 2n[W,(pr) — W,])
(va(pr)?v2)
~ (cos 2n[W,(pr) — Wal)w, (10)

where the third equality holds if the nonflow contribution is
approximately the same for the numerator and denominator.
The w subscript denotes that Al is a weighted average with
each event having a weight of v? [61]. If the flow angle fluctu-
ates as a function of pr, then Aft will be smaller than unity. If
there are no pr-dependent fluctuations of the flow angle, then
Al is equal to unity. The A! corresponds to the cosine term
in Eq. (8) but with twice the angle. Only a lower limit of the
single-flow-angle fluctuations, (cos n[¥,(pr) — ¥, )]), can be
obtained with the trigonometric double-angle formula due to
the event averaging

Al +1
‘/”T ~ \/(cosz n[W,(pr) — ¥,1)

2 (cosn[W,(pr) — W,]). (11)

It is also possible to probe the upper limit on the two-particle
flow magnitude fluctuations since it must correspond to the
remaining fluctuations of the flow vector. The ratio with
v,{2}/v,[2] quantifies the upper limit of the first-moment flow
magnitude fluctuations, since

v {2}/ val2]
\/( cos® n[ W, (pt) — W)
v.{2}/val2]

 (cosn[W,(pf) — W)
_ (vn(pr) vy cosn[W,(pr) — Wal)
Va(pr)?)y/(v2)cos n[W, (pr) — W,1)
(v (pr) Vp)

Vo)

The above equation provides an upper limit on the
first-moment flow magnitude fluctuations, but an exact mea-
surement of the second-moment flow magnitude fluctuations
can be obtained by taking the ratio of the four-particle corre-
lations with opposite signs on the azimuthal angle belonging
to particles from the same kinematic region:

(12)

(cosn(of' + ¢ — " — 1)) (v2(pr)vy)

(cos n(@fOl — 2ON))(cosn(gpr — @a))  (vZ(pr)){v2)
13)

Considering the pr-integrated (v?)/(v2)? as the baseline,
deviations from such a baseline indicate the presence of pr-
dependent flow magnitude fluctuations. The expression in
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Eq. (13) is therefore normalized with the baseline to obtain
a double ratio correlator M! for measuring the pr-dependent
flow magnitude fluctuations:

M — <“5(PT)U3>/(”5(PT))<U»3)' (14)

' (v)/(v2)

Together, these observables, A,f1 and M,ﬁ , allow us to probe the
flow angle and magnitude fluctuations separately and provide
a quantification of both of them. Additionally, the limits ex-
tracted with the trigonometric formula are comparable with
the previous methods of measuring pr-dependent flow vector
fluctuations [46].

III. EXPERIMENTAL SETUP AND DATA SAMPLE

ALICE [62] is a dedicated heavy-ion experiment at the
LHC. One of its focuses is the study of the properties of
the QGP. The central barrel of the ALICE detector is en-
cased in a large solenoid magnet. The inner tracking system
(ITS) [63] is the innermost detector in the ALICE experi-
ment. Its primary function is to localize the primary vertex
with a resolution better than 100 um, to reconstruct sec-
ondary vertices, and to track and identify low-momentum
particles (pr <200MeV/c). It also improves momentum
and angle resolution for particles reconstructed by the time
projection chamber (TPC) [64]. The TPC is the primary track-
ing detector in ALICE. It is optimized for high-resolution
charged-particle momentum measurements ranging from sev-
eral hundred MeV/c up to 100 GeV/c. In the TPC, a
pseudorapidity coverage of || < 0.8 ensures maximal cover-
age without loss of efficiency at the TPC edges. Additionally,
the TPC has full 27 coverage in the azimuthal direction. The
VO system [65] consists of two arrays, VOA and VOC, which
cover the pseudorapidity ranges of 2.8 < n < 5.1 and —3.7 <
n < —1.7, respectively. It is designed to provide triggers for
the experiment and to separate beam-beam interactions from
the background, such as beam-gas interactions. It is also used
to measure charged-particle multiplicity in the forward region,
which is used to determine the centrality of nucleus-nucleus
collisions [66].

The events are selected according to a minimum bias trig-
ger criterion which requires at least two of the following
[65]: (1) hits in the silicon pixel detector of the ITS, (2) a
signal in VOA, and (3) a signal in the VOC, as well as a
reconstructed primary vertex within 210 cm of the nominal
interaction point along the beam axis. The centrality of the
events is determined by the sum of VO signal amplitude in
the scintillator arrays VOA and VOC [66]. Pileup events refer
to events that are contaminated by one or more out-of-bunch
or in-bunch collisions occurring within the readout time of the
TPC. Such contaminated events cannot be accurately assigned
to a proper centrality interval. Pileup events are therefore
rejected based either on the presence of multiple reconstructed
vertices or on the correlations between the number of tracks
measured in the TPC and the number of tracks reconstructed
with relatively fast detectors such as the ITS and time-of-flight
(TOF) [67]. This effect is most significant in central collisions
due to the large multiplicity of the pileup events. In this paper,

54M Pb-Pb collisions at ,/syny = 5.02 TeV measured in the
2015 data-taking period at the LHC pass the event selection
criteria. Charged tracks are reconstructed using the ITS and
the TPC. Tracks are selected with at least 70 TPC space points
out of a maximum of 159 possible points and a x> per degree
of freedom of the track fit to TPC space points less than 4.
Tracks are required to have at least one hit in the silixon
pixel detector (SPD). Additionally, tracks must have a dis-
tance of closest approach (DCA) to the primary vertex of less
than 2cm in the longitudinal direction and a pr-dependent
selection in the transverse direction ranging from 0.2 cm at
0.2GeV/ct00.016 cm at 5 GeV /c. Finally, the charged tracks
are taken from the kinematic range of |n| < 0.8, and the
tracks used for reference particles are also within 0.2 < pi' <
5.0GeV/c. The pr range is selected to extend beyond the
upper bound of validity for hydrodynamics (~3 GeV/c) as the
flow angle and magnitude fluctuations may increase beyond
this regime. Nonflow correlations are suppressed by requir-
ing a pseudorapidity gap, |An|, greater than or equal to 0.8
between particles in the calculation of the flow coefficients
with two-particle correlations, and a subevent method with no
pseudorapidity gap is used in the calculation of four-particle
correlations.

IV. STATISTICAL AND SYSTEMATIC UNCERTAINTIES

The statistical uncertainties of the measurements are es-
timated with the bootstrap method of random sampling with
replacement [68]. Ten similarly sized subsamples are sampled
uniformly from the entire event ensemble. From these ten
subsamples, 1000 generated event samples are constructed
by randomly selecting ten subsamples from the original ten
subsamples with replacement, i.e., the same subsample can
be selected multiple times. For each of the 1000 generated
event ensembles, the observables are calculated as a weighted
average, providing a distribution for each observable. The
statistical uncertainty is then estimated from the variance of
the distribution for a given observable, which should approach
the actual distribution given a large enough sampling.

The systematic uncertainties of the measurements are eval-
uated by varying the event and track selection criteria and are
shown in Table I. The systematic uncertainties related to the
event selection are investigated by repeating the analysis using
different detectors for the centrality determination, changing
the selection on the position of the primary vertex along the
beam direction |V,|, testing different magnetic field polarities,
and testing different pileup selections. The systematic uncer-
tainty associated with the centrality determination (Cent. est.)
is estimated by conducting the full analysis with the SPD as
an alternative centrality estimator. It is negligible for most
observables but contributes up to 2.4% for r3. The systematic
uncertainty related to different primary vertex position criteria
(|V2]) is studied by changing the criterion from |V;| < 10 cm to
|V;] <7 cm, 8 cm, and 9 cm and is found to contribute at most
up to 0.6% for r3. The effects of the magnetic field polarity
(Mag. Field) are tested by analyzing datasets with different
magnetic configurations and yield a systematic uncertainty
ranging from negligible and up to 2.4% for v4{2}/v4[2]. The
systematic effect of pileup is estimated by changing the pileup
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TABLE I. Systematic uncertainties estimated from variations of event and track selection criteria. The uncertainties may vary with
centrality and are, in those cases, given as a lower and upper bounds. Systematic uncertainties that are not statistically significant are listed as

N/S. See text for details.

02{2}/02[2] U3{2}/U3[2] 114{2}/04[2] r r3 A§ M§
Cent. est. N/S 0%-0.2% 0%—-0.7% 0%—-0.3% 0%—-2.4% 0%-0.1% 0%-0.1%
A N/S N/S N/S 0%-0.1% 0%—-0.6% 09%-0.1% 09%-0.1%
Mag. field 0%-0.1% 0.1%—-1% 0%-2.4% 0%—-0.5% 0%—-2% 0.4% 0.4%
Pileup N/S 0%—0.3% 0%—-1.2% 0%—-0.5% 0%—-1.1% N/S N/S
# TPC cls. N/S N/S 0%-0.7% 0%—-2% 0%—-2% 0.7% 0.7%
Track type 0%-0.2% 0.5%-1.3% 1.1%-2.2% 0%-1.8% 0%-1.3% 0%-0.1% 0%-0.1%
IDCA,| N/S N/S N/S N/S N/S N/S N/S
IDCA,,| N/S 0%—1% N/S N/S 0%—-1% 0%-0.1% 0%-0.1%
Xz TPC cls. 0%-0.1% 0%—0.3% 0%-3.1% 0%—-0.8% 0%-0.5% 0.4% 0.4%
Nonflow 0%—-0.6% 0.6%—1.7% 2%-3.4% 0.1%-2.3% 0%-5.9% 1.1% 1.1%

selection in centrality interval 0-10% (Pileup), where the
pileup events are expected to have the largest impact due to
large multiplicities in the TPC. The pileup selection variation
contribution to the systematic uncertainty ranges from negli-
gible to at most ~1% for r3 and v4{2}/v4[2].

The quality of the reconstructed tracks is varied by chang-
ing the track type to include tracks without hits in the SPD
(track type) and by modifying the minimum number of TPC
space points required (# TPC cls.) from 70 to 80 and 90.
This variation yields up to a 2% systematic uncertainty in
the r,, observables and less than 1% in the other observables.
Additionally, the requirement of maximum DCA in the lon-
gitudinal (z) direction (|[DCA,]|) is changed from 2 cm to 0.5
and 1 cm, and in the transverse (xy) direction (|DCA,,|) it
is changed from a pr-dependent selection (|DCAy| < Ny X
(0.0015 4+ 0.005/ plT'l)) corresponding to 7¢ deviation from
the expected functional form to one corresponding to 4o°. Both
variations of the [DCA;| and the variation of |[DCA,,| selec-
tion criteria yield negligible contributions to the systematic
uncertainty for most of the observables. The last variation
considered for the track quality is the x2 per TPC cluster
(x? TPC cls.), which is tightened from 4 to 2.5 and yields
a systematic uncertainty of up to 3.1% for v4{2}/v4[2] but
less than half a percent for the other observables. To estimate
the systematic uncertainty associated with the nonflow sup-
pression in two-particle correlations (Non-flow), the analysis
is repeated with pseudorapidity gaps of |An| < 0.6, 1.0, 1.2.
The consistency between results with different pseudorapid-
ity gaps suggests that short-range nonflow correlations are
suppressed. It is possible that remaining long-range nonflow
correlations such as those from momentum conservation and
di-jets could influence the results, even though an additional
Monte Carlo study with HIJING [69], a heavy-ion model that
does not contain collective effects, showed results for the cor-
relators in Eqgs. (10) and (12) consistent with zero. Based on
the above studies, it is found that the remaining nonflow con-
tribution to the observables is less than ~2% for the elliptic
flow observables. The systematic uncertainty is estimated for
each centrality interval separately (and additionally for each
P4 range for the calculation of r,,). The statistical significance
of the systematic uncertainty is evaluated with the Barlow
check introduced in Ref. [70]. Only systematic uncertainties

found to be statistically significant according to this check
are considered for the final systematic uncertainty. The total
systematic uncertainty is calculated as the quadratic sum of
the individual sources. Only the variation resulting in the
largest uncertainty is added to the total systematic uncertainty
for sources with more than one variation.

V. RESULTS

In this paper, precision measurements of the ratio
v{2}/v,[2] are presented for n = 2, 3 and 4 in Pb—Pb colli-
sions at \/syn = 5.02 TeV. The results are compared with the
existing measurements at /sy = 2.76 TeV. Figure 1 shows
the ratio v2{2}/v,[2] with |An| > 0.8 as a function of pr
for various centrality intervals ranging from 0%-5% up to
40%-50%. For the most central collisions (0%—5%), the ratio
for n = 2 is consistent with unity up to pr = 2 GeV/c. It starts
to deviate from unity as the pr increases with a significance
higher than 20, 30, and 50 in the three bins above 2 GeV/c,
respectively. The ratio reaches a deviation of 15% from unity
at pt > 3 GeV/c. For centrality intervals larger than 20%, the
ratios are close to unity within 2% for the presented pr range.
This trend was already observed with measurements based
on ALICE data at /sy = 2.76 GeV/c [46]. The data are
compared to several theoretical models. The iEBE-VISHNU
model is a (241)D event-by-event relativistic viscous hydro-
dynamic model coupled to a hadronic cascade model [72]. In
this paper, two sets of calculations with the iEBE-VISHNU
model are used: one with TRENTo [73] and one with AMPT
[74] initial conditions. The model calculations with TRENTo
initial conditions use a temperature-dependent specific shear
viscosity n/s(T), while the calculations with AMPT initial
conditions use a n/s = 0.08. The input parameters of iEBE-
VISHNU are tuned according to [71]. The hydrodynamic
calculations are performed in a pr range up to 3 GeV/c, as
this is the region where hard processes are expected to take
over.

The theory curves describe quantitatively wv{2}/v,[2]
within the uncertainties for both sets of model calculations.
The large uncertainties of the hydrodynamic calculations are
due to limited number of produced Monte Carlo events.
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FIG. 1. The ratio v2{2}/v,[2] in Pb—Pb collisions at ,/syy = 5.02 TeV (solid dark blue circles) and 2.76 TeV [46] (open light blue circles)
as a function of transverse momentum. The different panels display results in different centrality intervals. Statistical (systematic) uncertainties
are represented by solid bars (faded boxes). Predictions from the iEBE-VISHNU hydrodynamic model with Tg ENTo initial conditions and
temperature-dependent 1 /s(T") [71], and with AMPT initial conditions and 7/s = 0.08 [71], are shown in colored bands.

Higher-order anisotropic flow measurements were mea-
sured for the first time in Ref. [25] and were found to be
more sensitive to the initial conditions and properties of the
QGP [22]. The ratio v3{2}/v3[2] with |An| > 0.8 is shown
in Fig. 2. It can be seen that the ratio agrees with unity in
the presented centrality and pr ranges, unlike v,{2}/v,[2],
as shown in Fig. 1. The agreement with unity suggests that
the triangular flow vector V3 does not fluctuate strongly with
pr in the presented pr and centrality ranges. Previously pub-
lished measurements [46] have substantial uncertainties for
v3{2}/v3[2] and found no significant \73 fluctuations. With
these results, the findings in Ref. [46] are confirmed with
substantially increased statistics, and it can be concluded
that there are no significant pr-dependent Vs fluctuations
in Pb—Pb collisions at /sy = 5.02 TeV within the current

experimental uncertainties. The hydrodynamic calculations
with the iEBE-VISHNU hydrodynamic models describe the
data. The models with TRENTo and AMPT initial conditions
show agreement with unity and the data. At small pt in central
collisions, the hydrodynamical calculations deviate slightly
from unity and overestimate the effect of the flow vector
fluctuations observed in the data.

The ratio v4{2}/v4[2] with |An| > 0.8 shown in Fig. 3 is
consistent with unity within the uncertainties across all cen-
trality intervals. The previous measurements of v4{2}/v4[2]
[46] had large statistical uncertainties and showed no statis-
tically significant deviation from unity. The results presented
in this paper do not show any sign of significant fluctuations
of V; as a function of transverse momentum with signifi-
cantly smaller uncertainties compared to the measurements in
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FIG. 2. The ratio v3{2}/v3[2] for Pb—Pb collisions at ,/sny = 5.02 TeV (solid dark red squares) and 2.76 TeV [46] (open light red squares)
as a function of transverse momentum. The different panels display results in different centrality intervals. Statistical (systematic) uncertainties
are represented by solid bars (faded boxes). Predictions from iEBE-VISHNU hydrodynamic model with TRENTo initial conditions and
temperature-dependent 1/s(T") [71], and with AMPT initial conditions and 7/s = 0.08 [71], are shown in colored bands.
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FIG. 3. The ratio v4{2}/v4[2] for Pb—Pb collisions at ,/sny = 5.02 TeV (solid dark cyan triangles) and 2.76 TeV [46] (open light cyan
triangles) as a function of transverse momentum. The different panels display results in different centrality intervals. Statistical (systematic)
uncertainties are represented by solid bars (faded boxes). Comparison with iEBE-VISHNU hydrodynamic model with TRENTo initial
conditions and temperature-dependent 1/s(7") [71], and with AMPT initial conditions and /s = 0.08 [71], are shown in colored bands.

Ref. [46]. The hydrodynamic calculations are consistent with
unity for pt > 0.6 GeV/c but show a deviation from unity at
low pr inconsistent with the measured v4{2}/v4[2].

This paper also presents precision measurements of the fac-
torization ratios r, in Pb—Pb collisions at ,/syy = 5.02 TeV
for n =2 and 3, calculated according to Eq. (9). Figure 4
shows r, with a pseudorapidity gap |An| > 0.8 as a function
of p} in centrality intervals 0%—-5%, 10%-20%, and 40%-—
50% in various bins of p%. For all pi bins, it is observed
that the deviations from unity are largest in central colli-
sions, where the initial-state geometry fluctuations dominate,
and that the effect becomes more pronounced as the differ-
ence |p§ — p| increases. The largest deviations from unity
are observed in central collisions for 0.2 < p%. < 0.6GeV/c
with 3.0 < p§ <4.0GeV/c (first row, left panel) and for
3.0 < p <4.0GeV/cwith0.2 < p§ < 0.6 GeV/c (last row,
left panel), since this is the momentum region where the
difference |p§ — pf| is the largest. For 40%—50% centrality,
the deviation from unity is at most 3% across the different
p‘T ranges. The factorization is broken in central collisions,
which, in turn, implies the presence of pr-dependent flow
vector fluctuations as described in Ref. [45]. At a higher pf,
the deviations from unity become less pronounced since the
difference |p% — p4| reaches the largest value in the lowest
P bin. Significant deviations of r, from unity have been
measured at lower energy [46] and confirmed here in Pb—Pb
collisions at ,/sxy = 5.02 TeV. Compared with previous re-
sults, the precision of r, is drastically improved, with the
deviations from unity being significant to more than 5o at
3.0 < p§ < 4.0 GeV/c across the presented centralities.

The centrality dependence of r, is more clearly seen in
Fig. 5, where r; is presented in the centrality intervals 0%—5%
to 40%-50% in the lowest p}. bin of 0.2 < p} < 0.6 GeV/c.
The comparison with the hydrodynamic calculations from
iEBE-VISHNU with AMPT and TgrENTo initial conditions
is presented. Both hydrodynamic calculations qualitatively
describe the trend of r,. However, they also underestimate the

deviations from unity at higher pt in central collisions. The
hydrodynamic model with AMPT initial conditions produces
a slightly larger deviation of r, from unity at pr > 2.5GeV/c
in central collisions than the one with TR ENTo initial condi-
tions, while both provide a reasonable description of the data
in peripheral collisions.

Figure 6 shows r3 with |An| > 0.8 as a function of pf
for different bins of ptT, and in centrality intervals 0%—5%,
10%—-20% and 40%—-50%. Here, rs is consistent with unity in
the presented centralities and p} range for all pf.. The agree-
ment with unity over the presented centrality range suggests
no significant V; fluctuations independently of the centrality.
The lack of a centrality dependence agrees with the picture
that triangular flow is driven by initial-state fluctuations rather
than the average geometry. The factorization is also observed
to hold over the presented ranges of p§ and pk;, as opposed to
r,. The previous measurements [46] showed deviations from
unity at high pr in several bins of pf. but without a large signif-
icance (less than 30). It was noted that a possible breakdown
of the factorization would be within 10% when both p5 and pk;
are below 3 GeV/c. The precision measurements presented in
this paper lowers the possible breakdown of factorization of
the triangular flow, vs, down to 1% across the presented pr
and centrality ranges within a 95% confidence interval.

The measurements of the pr-dependent flow angle fluctu-
ations A§ are shown in Fig. 7 as a function of the transverse
momentum pr in centrality intervals 0%—5% to 40%—-50%.
More than a 50 significance is observed in all centralities
for the flow angle fluctuations at the highest pr values. A
deviation from unity of up to 23% is observed in the 5%
most central collisions for the highest pr value with a sig-
nificance of 130. The strength of the fluctuations decreases
towards more peripheral collisions to around 5% in 20%—
30% and 30%—40% and then slightly increases in 40%-50%
centrality up to 7%. These measurements provide evidence
of pr-dependent flow angle fluctuations. As the systematic
uncertainty accounts for any potential remaining nonflow
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contributions, it is clear that they cannot explain the deviation
of A from unity. Large fluctuations in central collisions are
expected since the collisions are dominated by event-by-event
fluctuations in the position of the nucleons and of the quarks
and gluons within the nucleons. For the more peripheral
events, the pressure gradients due to the geometric anisotropy
of the overlap region between the colliding nuclei domi-
nate, decreasing the flow angle fluctuations. The comparison
with hydrodynamic calculations shows that iEBE-VISHNU
model underestimates the effects of the flow angle fluctu-
ations at pr > 2.5GeV/c. The TRENTo +iEBE-VISHNU
with temperature-dependent shear viscosity to entropy den-
sity ratio n/s(T) and AMPTHiEBE-VISHNU with n/s =
0.08 show around 5% (4%) deviation from unity with a
significance of 70 (90) in the 0%-5% central collisions
compared to AMPT+iEBE-VISHNU with 5/s = 0.20, which
predicts around 2% deviation from unity with 2.70 signifi-
cance. However, none of the hydrodynamic models succeeds
in quantitatively describing the large measured flow angle
fluctuations at high pr in the 0%—5% central collisions. The
AMPT transport model calculations quantitatively predict the
flow angle fluctuations in the 0%—5% most central collisions
and the 20%-30% and 40%—-50% centrality intervals but over-
estimate the deviation in the other centrality intervals.

Figure 8 shows the measurements of Mf as a function
of the transverse momentum pr in centrality intervals 0%—
5% to 40%—50%. Similarly to the flow angle fluctuations,
a significant deviation from unity is observed in the 0%—
5% most central collisions with values up to ~12%. As the
centrality increases to 20%—-30%, the flow magnitude fluctu-
ations become smaller. Towards more peripheral collisions,
M{ becomes larger than unity. In two-particle correlations,
the values of ratios such as v,{2}/v,[2] and r, are strictly less
than unity due to the Cauchy-Schwarz inequality. However, by
construction, M£ does not satisfy this inequality and so values
can exceed unity. The comparison with theoretical predictions
shows that iEBE-VISHNU with TRENTo initial conditions

and AMPT initial conditions underestimate the deviations in
the most central collisions. At higher centralities the model
calculations are consistent with the data and correctly de-
scribe the modestly increasing trend in the data in 30%—40%
and 40%-50% centrality intervals. The comparison of the
AMPT-+HEBE-VISHNU hydrodynamic calculations with dif-
ferent n/s show some difference in the 5% most central
collisions. Such a dependence of M} on n/s in hydrodynamic
models was also seen in Ref. [56], while further AMPT model
calculations [75] suggest that M{ is not very sensitive to the
value of n/s. This should be investigated with further model
studies. Pure AMPT calculations accurately describe the de-
viation from unity in the 0%—5% and 5%—10% most central
collisions but fail to reproduce the data at higher centralities.
In Fig. 9 the lower limit of the flow angle fluctuations
[see Eq. (11)], the upper limit of the flow magnitude fluc-
tuations [see Eq. (12)], and the flow vector fluctuations [see
Eq. (8)] are shown as a function of transverse momentum in
centrality intervals 0%—5% to 40%-50%. The figure shows
the limits of the single flow angle and first-moment flow
magnitude fluctuations, which are the factors of the total
flow vector fluctuations measured by v,{2}/v,[2]. While the
exact contribution of the single-angle flow angle fluctuations
and the first-moment flow magnitude fluctuations cannot be
established, information about the fluctuations can still be
inferred from the limits. The flow angle fluctuations contribute
at least ~40% to the total flow vector fluctuations measured
with v2{2}/v,2[2] in 0%—5% central collisions, and it also
contributes at higher centralities, where all the sources of
fluctuations decrease. This effect is consistent with the mea-
sured AL and with what has been predicted by hydrodynamic
calculations [44]. At centralities above 30%, the first moments
of the flow magnitude fluctuations vanish, as the upper limit
of the flow magnitude fluctuations, denoted by the red squares
in Fig. 9, converges towards the lower limit of unity (with
unity implying no fluctuations). The disappearance of the flow
magnitude fluctuations indicates that above 30% centrality,
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the flow vector fluctuations are solely due to or dominated by
fluctuations of the flow angle. For M f i.e., the second-moment
flow magnitude fluctuations, this is not the case, as deviations
from unity, although small, are observed at all centralities.

VI. SUMMARY

Measurements of the pr-dependent flow vector fluctua-
tions in Pb—Pb collisions at ,/syny = 5.02 TeV with the ratio
vu{2}/v,[2] up to n = 4, and the factorization ratio r, up to
n =3 are presented. Deviations of both v,{2}/v,[2] and r;
from unity suggest the presence of pr-dependent V, fluctu-
ations. The pr-dependent fluctuations of V, reach ~15% in
central collisions for v,{2}/v,[2] at high pr as well as for
r, when |p§ — pi| is large. The pr-dependent flow vector
fluctuations of V4 and \74 measured via v,{2}/v,[2] (n = 3, 4)
and 7, (n =3) are within a few percent. The v,{2}/v,[2]
and r, results are consistent with previous measurements in
Pb—Pb collisions at \/syny = 2.76 TeV [46,47] but offer signif-
icantly better precision. Comparison with the iEBE-VISHNU
hydrodynamic model shows that the model with AMPT initial
conditions and n/s = 0.08 [71] or TRENTo initial conditions
and temperature-dependent 1/s(T") describe flow vector fluc-
tuations well across the presented centrality ranges.

The contributions of flow angle and magnitude fluctuations
are separated from the overll flow vector fluctuations with the
proposed correlators AL and M! in various centrality intervals
from 0%—50%. Fluctuations of the flow angle and magnitude
are observed at higher values of pr, with the largest fluctua-
tions observed in 0%—5% central collisions. This observation
is consistent with the flow vector fluctuations measured with
two-particle correlations, exhibiting the largest fluctuations
in central collisions. Comparison with hydrodynamic models
shows that the AMPT+iEBE-VISHNU with /s = 0.08 and
TrENTo +iEBE-VISHNU produce slightly larger flow angle
fluctuations compared to the AMPTHEBE-VISHNU with
n/s = 0.20 in the 0%—-5% central collisions. Still, neither of
these models can describe the large flow angle fluctuations

observed in the data in this centrality interval. For the flow
magnitude fluctuations, the hydrodynamic model calculations
fail to describe the high-pr deviation from unity in the 0%—5%
central collisions. However, the AMPT+iEBE-VISHNU cal-
culation with n/s = 0.08 is closest in describing the data.
For noncentral collisions, the data are well described by the
hydrodynamic calculations.

The flow angle fluctuations dominate all the measured
centralities, although significant flow magnitude fluctuations
are present, especially in central collisions. The measurements
of the flow angle and flow magnitude fluctuations offer an
improved understanding of the flow vector fluctuations. They
can be used to constrain the initial conditions and transport
coefficients of the QGP. Additionally, these measurements
suggest that fluctuations of the flow angle are a feature of
the system created in heavy-ion collisions and should be in-
corporated into nonhydrodynamical theoretical models used
for comparison with high-pr flow measurements, where such
fluctuations are expected to be more pronounced.
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