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Systematic study of 3ow vector Buctuations in Syy = 5.02 TeV Pb-Pb collisions
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Measurements of thpr-dependent Bow vector Buctuations in PbBPb collisionssf; = 5.02 TeV using
azimuthal correlations with the ALICE experiment at the Large Hadron Collider are presented. A four-particle
correlation approach [ALICE CollaboratioRhys. Rev. C107, L051901 (2023)is used to quantify the effects
of Bow angle and magnitude RBuctuations separately. This paper extends previous studies to additional centrality
intervals and provides measurements of phedependent Bow vector RBuctuations ay = 5.02 TeV with
two-particle correlations. SignibPcapt-dependent Ructuations of the Bow vector in PbBPb collisions are
found across different centrality ranges, with the largest Buctuations of ud586 being present in the 5%
most central collisions. In parallel, no evidence of signiPgantiependent Ructuations ©§ or V, is found.
Additionally, evidence of Bow angle and magnitude Buctuations is observed with more tr@grilbcance in
central collisions. These observations in PbBPb collisions indicate where the classical picture of hydrodynamic
modeling with a common symmetry plane breaks down. This has implications for hard probes at,higtich
might be biased bpr-dependent Bow angle Buctuations of at least 23% in central collisions. Given the presented
results, existing theoretical models should be reexamined to improve our understanding of initial conditions,
quarkbgluon plasma properties, and the dynamic evolution of the created system.

DOI: 10.1103/PhysRevC.109.065202

I. INTRODUCTION where s the azimuthal angle of the emitted particles. The
vn(pr, ) and ,(pr, ) are the magnitude and orientation
of the nth-order Bow vectoW,(pr, )= Va(pr, )e" n(Pr ),
respectively, which may depend on the transverse momentum
(pr) and the pseudorapidity Y of the particles. This Row
vector is affected by the initial collision geometry, which is
Yominated by the shape of the overlap region in the transverse

Studies of ultrarelativistic heavy-ion collisions at the Rel-
ativistic Heavy lon Collider (RHIC) and the Large Hadron
Collider (LHC) have demonstrated the formation of a strongly
interacting matter called quarkbgluon plasma (QGEY]
The spacebtime evolution of the QGP is well described b
relativistic viscous hydrodynamic ”.‘Od_e'&‘?]- An obs_erv-_ lane between the colliding nucldi§]. The initial anisotropy,
able consequence of the QGP creation in these collisions is t Re magnitude and orientation of which is quantibed by the
anisotropic Bow in the plane transverse to the beam direction

. . . .__eccentricities , and corresponding participant planes,
e A 5EE. espectvey s coieried o bl st mamentr
P 9 anisotropy by the interactions among the constituents of the

[Dln7?l—state particles relative to the common symmetry IOIane6GP. For a uniform nuclear matter distribution in the ini-

’ tial state, the various symmetry plane angleg, coincide

d3N d?N with the reaction plane debned by the impact parameter and
dprd d =5 dprd beam direction fom 1 [17]. However, due to event-by-

event Buctuations of the position of the nucleons inside the
" nuclei and of the partonic constituents inside the nucleon,
x 1+ 2  vp(pr, )cos( S n(pr, ))] . the symmetry plane angles,,, Buctuate around the reac-
n=1 tion plane, leading to nonzero odd RBow coefbcied®d2b
(1) 24]. Nonzero and large values of Bow coefbcients have been
observed at both RHIC4Pr] and the LHC [L4B16,25E82].
The Row coefbcients, and their event-by-event Buctuations
serve as excellent probes for constraining the initial state of
Full author list given at the end of the article. heavy-ion collisions and for quantifying some of the QGP
properties, such as the transport coefbciel®B,33E89.
Published by the American Physical Society under the terms of the The anisotropic Bow coefbcients can be measuredof a
Creative Commons Attribution 4.0 Internationitense. Further differential way by assuming that the two-particle correlation
distribution of this work must maintain attribution to the author(s) factorizes into a product of two single-particle 3ow coefp-
and the published article’s title, journal citation, and DOI. Open cients, each a function of the properties of only one of the
access publication funded by CERN. particles. Keeping the terminology from dihadron correlation
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measurements of, [40B43], one particle is denoted as the two-particle correlations at a collision energy ofyy = 5.02
associated (a) and the other particle is denoted the triggéreV are also presented.

(t). The associated and trigger particles are chosen from a The paper is structured as follows: Sectibbndescribes
variable and Pxegr range, denote@? and pt, respectively. the method used to calculate the observables, while the ex-
Factorization of the two-particle correlatidfy between the periment and data are described in SHc.The treatment of

trigger and associated particles can be described as statistical and systematic uncertainties is covered in B&c.
and the results are presented in SécFinally, a summary is
Vo PLPY = Ve PR Ve Py (2) givenin SecVI.

where thevn(p?) andv,(pt) are the Bow coefpcients for the

associated and trigger particles with transverse momghta

andp, respectively. The factorization breaks down in hydro- ~ Them-particle correlations are calculated with the generic

dynamic calculations due to the event-by-event Buctuations dfamework pB7], an algorithm that calculates multiparticle

the initial energy density of the heavy-ion collisiofd[45]. azimuthal correlations corrected for nonuniform azimuthal

The breakdown of factorization has been observed at the LH@etector acceptance and nonuniform detector efbciency. The

in PbBPb collisions at Syy = 2.76 TeV and pbPb collisions Row coefbcients are debned from the Fourier expansion in

at Syy = 5.02 TeV [41,46,47]. This breakdown is directly Eg. (1),

related to the RBow vector RBuctuations in different kinematic .

regions. The Row vector may Ructuate as a functiopoin Vo = cosn( S ), ®3)

both magnitude and angld$,21]. As such, the Bow angle,
a(pr), will OwanderO around the common symmetry plan

Zggﬁna” Lﬁﬂdghlss'r:gutllérgé 'i':tzlr'efezggta?ﬁgE‘g\a’?ﬁtegm_ average over both particles and events. The Bow anglgs,
9 Vi, P P cannot be measured experimentally event-by-event, so the

cles with respect to an integrated symmetry plane determing ot-mean-square of the Bow coefbcients are calculated with

with particles from a specibc and typically wigg range. R .
The pr-dependent Row angles also contribute to breaking th(gzWO particle correlationsd],

Il. METHOD

where the single set of brackets, denotes an average over
8vents, while the double set of brackets, , denotes an

factorization in Eq. 2), as the equality in Eq.2j assumes a vZ = cosn( 1S ) . (4)
single common symmetry plane angle for all particles in an
event. The pr dependence of the Bow coefbcient is usually studied

The pr-dependent Bow Buctuations can be probed with thevith the differential 3ow coefbciem,{2}(pr) [58]:
principal component analysis (PCA8562], which can iso- POl &
late subleading Row modes. The PCA has been successfully _ cosn ;7S 2

vn{2}(pr) =

used to measure the event-by-event Row Ructuati®djsahd cosn( 1S )]
the fa_ctorization breaking of two—particle correlatidfis as a _ Va(pr) Vacosi( n(pr) S
function of bothpt and pseudorapidity [54]. The decorrela- = — .
tion effects measured inprovide insight into the longitudinal v2
hydrodynamic evolution of the system created in heavy-ion
collisions and go beyond the assumption of a boost-invarianthe P°'and refer to the azimuthal angles of the particles
system used in many theoretical moded§,p5]. However, of interest (POI) and reference Row particles. Pheefers to
measurements with the PCA technique have yet to isolate thibne pr of the POIs selected from narropt ranges. The ref-
Bow angle and Bow magnitude Buctuations. In this paper therence RBow particles are chosen from a wide kinematic range,
Bow vector Buctuations are integrated over pseudorapidity angthich should ideally be limited to a region dominated by
are only studied as a function pf. collective behavior. The »(pr) represents ther-differential

The usual way of measuring the Bow vector Buctuationsymmetry plane angles at a specippcrange, which might
is with observables constructed from two-particle correlationd3uctuate around the reference symmetry plane angleShe
[44,45]. Such measurements have shown signibcant Bow ve@ffect of the difference between,(pr) and ,, due topr-
tor Buctuations in central PbBPb collisiod§,#7]. However,  dependent Bow angle Ructuations, is quantiPed by the cosine
such measurements do not allow quantifying the individuaterm cosh( n(pr)S )] . The effects of thepr-dependent
contributions of the Bow angle and magnitude Ructuation®8ow coefbcient Buctuations are observed when the factoriza-
to the total Bow vector Ructuations. Hydrodynamic modelstion hypothesis is broken:
have predicted that the Buctuations of constitute more than _
half of the overall Row vector Buctuationd4. Observables Va(PT)Vn = Va(pr)2 V2. (6)
constructed from four-particle correlations are necessary to
cancel out contributions from the Row angle or magnitude Aside from the effects of thpr-dependent Buctuations of the
Such observables were brst presented in B€}.if selected Row angle and the Row magnitudg{2} also has contribu-
centrality intervals and revealed signibcant Bow angle andions from nonf3ow sources such as jets or resonance decays.
magnitude Ructuations in central PbBPb collisions. In thiSuch sources provide a Bow signal but are not associated
paper the study in Ref5p] is extended to additional centrality with bulk particle production or correlated with the symmetry
intervals, and measurements of Row vector Ructuations witplane angles .

(5)
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To account for these effects, another two-particle correla- The Bow angle RBuctuations are studied with the observable

tion was proposed in Ref4f], Al which aims to isolate thpr-dependent Ructuations of the
Bow angle p6),
Vol2)(pr) = cosn F'S 7O ; cosn PO+ POIS &,
= Vn(pr)?, ) cosn O+ ,§ £OI§
that is not affected by Ructuations in the Bow angle or Row B Va(pr)?vZcos [ n(pr) S

coefbcient, and it is less affected by non3ow effects than Vn(pr)2v2
vn{2}. The difference betweem,{2} and v,[2] is that the M
former takes the reference Row from a wide kinematic range cos[ n(pr)S nlw, (10)

and the POIs from a smaiy interval, and the latter takes where the third equality holds if the nonf3ow contribution is

two POIs from the same narropy range. Since[2] is not approximately the same for the numerator and denominator.

affected by the Bow angle and Row magnitude Buc’[uationsl.heW subscript denotes tha¥ is a weighted average with

the_pT-depen_dent Bow vector Buctuations can be probed b%ach event having a weight of [61]. If the RBow angle Ructu-
taking the ratio oi/n{2} andvn[2]: ates as a function gfr, thenAl will be smaller than unity. If

Va{2} _ Va(pr)vncosn[ n(pr)S 1l there are n@r-dependent RBuctuations of the Bow angle, then
vil2] ~ — 5 2 : (8) Al is equal to unity. TheAl corresponds to the cosine term
Vn(PT) Vi in Eg. 8) but with twice the angle. Only a lower limit of the

single-RBow-angle Buctuationg;osn[ n(pr)S )] , can be

If the ratio vp{2}/ v,[2] is smaller than unity, it indicates the : . ) X
presence ofr-dependent Row vector Ructuations. obtained with the_z trigonometric double-angle formula due to
the event averaging

Another way to study Bow vector Buctuations is to examine
the factorization of two-particle correlations from different m
transverse momentum regions. Factorization of two-particle 5
correlations was observed to hold in some kinematical ranges .
in Refs. P9,31,41,59] but is shown not to hold in general in cosn[ n(Pr)S - (11)
Ref. [45]. The factorization can be tested with the factonza—It is also possible to probe the upper limit on the two-particle

tion ratiory [49]: Row magnitude Ructuations since it must correspond to the

co$n[ n(pr)S

Vo PR, ph remaining Ructuations of the Bow vector. The ratio with
M= Vn{2}/ vn[2] quantibes the upper limit of the bPrst-moment Bow
VAR ¢ o <SRV o MY o magnitude Ructuations, since
_ VapPEvaprcosn ,pd S onp; ) Vn{2}/ vn[2]
V2 PR V2ol ' co€n np?én
which is a particular case of the ratio shown in E§), ( V“{Z}/V“[ZJ
obtained by taking particles from two different narrqey cosn o pF S g
ranges. Most known sources of nonRow do not factorize at Va(pr)Vacosn[ n(pr) S ]
low pr [60], sor, = 1 does not always hold. In a system = — .
dominated by Bow, with no or negligible nonRow effeats, vn(pr)> vz cosn[ n(pr)S ]
is smaller than or equal to unity due to the Cauchy-Schwarz Va(Pr)V,
inequality 45]. The factorization holds when, equals unity, — (12)
while r, smaller than unity indicates the presence pf vn(pr)? V2

dependent Bow vector Buctuations. If the triggered particles

are selected from a wide kinematic range (making them equiv- The above equation provides an upper limit on the
alent to the reference particles), thenbecomes identical Prst-moment Bow magnitude Buctuations, but an exact mea-
to va{2}/ va[2]. In general, however,, provides information ~surement of the second-moment 3ow magnitude Buctuations
about the structure of the two-particle correlations for trig-can be obtained by taking the ratio of the four-particle corre-
gered and associated particles, probing the Ructuations of tfations with opposite signs on the azimuthal angle belonging
Row vector atp? and p}. In contrast, the ration{2}/vy[2]  to particles from the same kinematic region:

includes thepr-integrated information and probes the- POI & POl & 2 2
. : . . cosn + 2S5 S
differential Row vector with respect to the-integrated Row POI{ PO|2 3 4 = Va (Pr)Va .
vector. cosn 'S 9 cosn( oS 1) VA(pr) VA
The ratiov,{2}/ vn[2] and the factorization ratio, carry (13)

information about the Bow angle and magnitude Buctuations

but cannot isolate both contributions. Thus, it is desirable taConsidering thepr-integrated v? / v2 2 as the baseline,
separate these two effects to quantify the contributions frondeviations from such a baseline indicate the presengs--of
each source. dependent Row magnitude Ructuations. The expression in
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Eqg. (13 is therefore normalized with the baseline to obtain54M PbBPb collisions at §yv = 5.02 TeV measured in the
a double ratio correlatavl! for measuring thesr-dependent 2015 data-taking period at the LHC pass the event selection

Bow magnitude Ructuations: criteria. Charged tracks are reconstructed using the ITS and
) S ) the TPC. Tracks are selected with at least 70 TPC space points
i = Va(PrVa Va(pr) Vi (14y  outof amaximum of 159 possible points and &per degree
n VA v2 2 of freedom of the track bt to TPC space points less than 4.

Tracks are required to have at least one hit in the silixon
Together, these observablég,andM/, allow us to probe the pixel detector (SPD). Additionally, tracks must have a dis-
Bow angle and magnitude Buctuations separately and providance of closest approach (DCA) to the primary vertex of less
a quantibcation of both of them. Additionally, the limits ex- than 2cm in the longitudinal direction and@&-dependent
tracted with the trigonometric formula are comparable withselection in the transverse direction ranging frord @n at
the previous methods of measuripg-dependent Bow vector 0.2 GeV/ cto 0.016 cm at 5 GeYc. Finally, the charged tracks
Buctuations46). are taken from the kinematic range pf| < 0.8, and the
tracks used for reference particles are also with2n<0 p' <
5.0GeV/c. The pr range is selected to extend beyond the
upper bound of validity for hydrodynamics 8 GeV c) as the
ALICE [62] is a dedicated heavy-ion experiment at the Bow angle and magnitude Ructuations may increase beyond
LHC. One of its focuses is the study of the properties ofthis regime. NonBow correlations are suppressed by requir-
the QGP. The central barrel of the ALICE detector is en-ing a pseudorapidity gap, |, greater than or equal to 0.8
cased in a large solenoid magnet. The inner tracking systefmetween particles in the calculation of the Bow coefbcients
(ITS) [63] is the innermost detector in the ALICE experi- with two-particle correlations, and a subevent method with no
ment. Its primary function is to localize the primary vertex pseudorapidity gap is used in the calculation of four-particle
with a resolution better than 1Q0m, to reconstruct sec- correlations.
ondary vertices, and to track and identify low-momentum
particles pr <200MeV/ ¢). It also improves momentum
and angle resolution for particles reconstructed by the time
projection chamber (TPCPH]. The TPC is the primary track- The statistical uncertainties of the measurements are es-
ing detector in ALICE. It is optimized for high-resolution timated with the bootstrap method of random sampling with
charged-particle momentum measurements ranging from seveplacementg8]. Ten similarly sized subsamples are sampled
eral hundred Me¥c up to 100 GeVc. In the TPC, a uniformly from the entire event ensemble. From these ten
pseudorapidity coverage pf| < 0.8 ensures maximal cover- subsamples, 1000 generated event samples are constructed
age without loss of efbciency at the TPC edges. Additionallyby randomly selecting ten subsamples from the original ten
the TPC has full 2 coverage in the azimuthal direction. The subsamples with replacement, i.e., the same subsample can
VO system §5] consists of two arrays, VOA and VOC, which be selected multiple times. For each of the 1000 generated
cover the pseudorapidity ranges 082 < 5.1andS3.7 < event ensembles, the observables are calculated as a weighted
< S1.7, respectively. It is designed to provide triggers for average, providing a distribution for each observable. The
the experiment and to separate beam-beam interactions frostatistical uncertainty is then estimated from the variance of
the background, such as beam-gas interactions. It is also usétk distribution for a given observable, which should approach
to measure charged-particle multiplicity in the forward region,the actual distribution given a large enough sampling.
which is used to determine the centrality of nucleus-nucleus The systematic uncertainties of the measurements are eval-
collisions [6]. uated by varying the event and track selection criteria and are
The events are selected according to a minimum bias trigshown in Tabld. The systematic uncertainties related to the
ger criterion which requires at least two of the following event selection are investigated by repeating the analysis using
[65]: (1) hits in the silicon pixel detector of the ITS, (2) a different detectors for the centrality determination, changing
signal in VOA, and (3) a signal in the VOC, as well as athe selection on the position of the primary vertex along the
reconstructed primary vertex within10 cm of the nominal beam directior\,|, testing different magnetic beld polarities,
interaction point along the beam axis. The centrality of theand testing different pileup selections. The systematic uncer-
events is determined by the sum of VO signal amplitude intainty associated with the centrality determination (Cent. est.)
the scintillator arrays VOA and VO@p]. Pileup events refer is estimated by conducting the full analysis with the SPD as
to events that are contaminated by one or more out-of-bunchn alternative centrality estimator. It is negligible for most
or in-bunch collisions occurring within the readout time of the observables but contributes up to 2.4%farThe systematic
TPC. Such contaminated events cannot be accurately assignedcertainty related to different primary vertex position criteria
to a proper centrality interval. Pileup events are thereford|V,|) is studied by changing the criterion frdiwg| < 10 cm to
rejected based either on the presence of multiple reconstructdd,| < 7 cm, 8 cm, and 9 cm and is found to contribute at most
vertices or on the correlations between the number of trackap to 0.6% forrs. The effects of the magnetic Peld polarity
measured in the TPC and the number of tracks reconstructdtflag. Field) are tested by analyzing datasets with different
with relatively fast detectors such as the ITS and time-of-RBightnagnetic conbgurations and yield a systematic uncertainty
(TOF) [67]. This effect is most signibcant in central collisions ranging from negligible and up t0.8% for v4{2}/ v4[2]. The
due to the large multiplicity of the pileup events. In this paper,systematic effect of pileup is estimated by changing the pileup

IIl. EXPERIMENTAL SETUP AND DATA SAMPLE

IV. STATISTICAL AND SYSTEMATIC UNCERTAINTIES

065202-4
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TABLE |. 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 signiPcant are listec
N/ S. See text for details.

V{2 v[2] va{2} v3[2] Va{2}/ va[2] r rs A, M3

Cent. est. NS 0%D0.2% 0%D0.7% 0%D0.3% 0%D2.4% 0%D0.1% 0%D0.1%
A N/ S NS NS 0%D0.1% 09%D0.6% 0%D0.1% 0%D0.1%
Mag. peld 0%b0.1% 0.1%D1% 0%bD2.4% 0%b0.5% 0%D2% 0.4% 0.4%
Pileup NS 0%D0.3% 0%D1.2% 0%D0.5% 0%D1.1% /SN NS
# TPC cls. MS NS 09%D0.7% 0%D2% 0%D2% 0.7% 0.7%
Track type 0%D0.2% 0.5%bP1.3% 1.1%D2.2% 0%b1.8% 0%bD1.3% 0%b0.1% 0%b0.1%
IDCA,| N/'S N'S N'S N'S N'S N'S N'S
[DCALy| N/S 0%D1% NS NS 0%b1% 0%D0.1% 0%D0.1%

2TPCcls. 0%D0.1% 0%D0.3% 0%bD3.1% 0%b0.8% 0%bD0.5% 0.4% 0.4%
NonfZow 0%D0.6% 0.6%D1.7% 2%D3.4% 0.19%D2.3% 0%D5.9% 1.1% 1.1%

selection in centrality interval 0Bb10% (Pileup), where thefound to be statistically signibPcant according to this check
pileup events are expected to have the largest impact due tve considered for the bnal systematic uncertainty. The total
large multiplicities in the TPC. The pileup selection variation systematic uncertainty is calculated as the quadratic sum of
contribution to the systematic uncertainty ranges from neglithe individual sources. Only the variation resulting in the
gible to at most 1% forrz andv4{2}/ v4[2]. largest uncertainty is added to the total systematic uncertainty
The quality of the reconstructed tracks is varied by changfor sources with more than one variation.
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
ther, observables and less than 1% in the other observables. In this paper, precision measurements of the ratio
Additionally, the requirement of maximum DCA in the lon- v,{2}/v,[2] are presented fon = 2,3 and 4 in PbbPb colli-
gitudinal ) direction (DCA,|) is changed from 2 cm to 0.5 sions at Syy = 5.02 TeV. The results are compared with the
and 1 cm, and in the transversey) direction (DCA,y|) it  existing measurements afSyy = 2.76 TeV. Figurel shows
is changed from gr-dependent selectiodCA,y| N x the ratiov,{2}/ v,[2] with | | > 0.8 as a function ofpy
(0.0015+ 0.00% p*)) corresponding to 7 deviation from  for various centrality intervals ranging from 0%D5% up to
the expected functional form to one corresponding toBoth ~ 40%D50%. For the most central collisions (0%D5%), the ratio
variations of thgDCA,| and the variation ofDCA,y| selec- forn= 2is consistentwith unityuptpr 2 GeV/ c. It starts
tion criteria yield negligible contributions to the systematic to deviate from unity as ther increases with a signibcance
uncertainty for most of the observables. The last variatiorhigher than 2, 3 , and 5 in the three bins above 2 GéV,
considered for the track quality is the? per TPC cluster respectively. The ratio reaches a deviation of 15% from unity
( ? TPC cls.), which is tightened from 4 to 2.5 and yields at pr > 3 GeV c. For centrality intervals larger than 20%, the
a systematic uncertainty of up to 3.1% fa{2}/v4[2] but ratios are close to unity within 2% for the presenfgdange.
less than half a percent for the other observables. To estimatéhis trend was already observed with measurements based
the systematic uncertainty associated with the nonBow sumn ALICE data at Syy = 2.76 GeV c [46]. The data are
pression in two-particle correlations (Non-Bow), the analysisccompared to several theoretical models. The iEBE-VISHNU
is repeated with pseudorapidity gaps|of | < 0.6,1.0,1.2. model is a (Z 1)D event-by-event relativistic viscous hydro-
The consistency between results with different pseudorapiddynamic model coupled to a hadronic cascade modg! [n
ity gaps suggests that short-range nonf3ow correlations ateis paper, two sets of calculations with the iEBE-VISHNU
suppressed. It is possible that remaining long-range nonf3omodel are used: one withkENTo [73] and one with AMPT
correlations such as those from momentum conservation affd@4] initial conditions. The model calculations witrRENTo
di-jets could infBuence the results, even though an additionahitial conditions use a temperature-dependent specibc shear
Monte Carlo study with HIJING(9], a heavy-ion model that viscosity / s(T), while the calculations with AMPT initial
does not contain collective effects, showed results for the coreonditions use & s= 0.08. The input parameters of iEBE-
relators in Eqs.X0) and (L2) consistent with zero. Based on VISHNU are tuned according to7]]. The hydrodynamic
the above studies, it is found that the remaining nonRow conealculations are performed in@ range up to 3 Geklt, as
tribution to the observables is less tha?% for the elliptic  this is the region where hard processes are expected to take
Row observables. The systematic uncertainty is estimated faver.
each centrality interval separately (and additionally for each The theory curves describe quantitatively{2}/ v,[2]
p; range for the calculation of,). The statistical signibcance within the uncertainties for both sets of model calculations.
of the systematic uncertainty is evaluated with the BarlowThe large uncertainties of the hydrodynamic calculations are
check introduced in Ref7p]. Only systematic uncertainties due to limited number of produced Monte Carlo events.

V. RESULTS
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FIG. 1. The ratios,{2}/ v,[2] in PbBPb collisions at Sy = 5.02 TeV (solid dark blue circles) and 2.76 TeXf] (open light blue circles)
as a function of transverse momentum. The different panels display results in different centrality intervals. Statistical (systematidjesmcertain
are represented by solid bars (faded boxes). Predictions from the iEBE-VISHNU hydrodynamic modeiEhtfoTinitial conditions and
temperature-dependeits(T) [71], and with AMPT initial conditions and s= 0.08 [71], are shown in colored bands.

Higher-order anisotropic Row measurements were meaexperimental uncertainties. The hydrodynamic calculations
sured for the brst time in Ref2p] and were found to be with the IEBE-VISHNU hydrodynamic models describe the
more sensitive to the initial conditions and properties of thedata. The models withJENTo and AMPT initial conditions
QGP PR2). The ratiovs{2}/v3[2] with | | > 0.8 is shown show agreement with unity and the data. At snpalin central
in Fig. 2. It can be seen that the ratio agrees with unity incollisions, the hydrodynamical calculations deviate slightly
the presented centrality angr ranges, unlikevo{2}/ v,[2], from unity and overestimate the effect of the Bow vector
as shown in Figl. The agreement with unity suggests thatBuctuations observed in the data.
the triangular Row vectov; does not RBuctuate strongly with The ratiova{2}/ v4[2] with | | > 0.8 shown in Fig.3 is
pr in the presentegr and centrality ranges. Previously pub- consistent with unity within the uncertainties across all cen-
lished measurementg§] have substantial uncertainties for trality intervals. The previous measurementsvef2}/ v4[2]
v3{2}/ v3[2] and found no signibcari¥; Ructuations. With [46] had large statistical uncertainties and showed no statis-
these results, the Pndings in Red€] are conbrmed with tically signibcant deviation from unity. The results presented
substantially increased statistics, and it can be concludeuh this paper do not show any sign of signibcant Buctuations
that there are no signibcamr-dependentVs Ructuations of V, as a function of transverse momentum with signib-
in PbBPb collisions at Syy = 5.02 TeV within the current cantly smaller uncertainties compared to the measurements in

% 1.2FALICE 0-5% F 5-10% [ 10-20%3
S L ; 3
RGN i - - - | e el - - - - - - S ]
EN | N e Sh R ey Tl Rt " & I SIS S R LRI oL
0'95_ 3 M Pb Pb ys,, =5.02 TeV 3 TRENTo0+EBE-VISHNU -
08- - Pb Pb ys,, =2.76 TeV - AMPT+EBE-VISHNU -
& 1.2F 20-30% F 30-40% [ 40-50% 3
>
= 1.1 X 1 ]
‘('-4\]-‘ Il | AL *
G 1-""‘""""’""".""'."'""""""'t’"; ----- -.....Iﬂ.-!----g..-!--m- ------ E
0.9F 3 1 ]
0.8F 3 0.2<p™ <5 GeVic 3 E
05115225335 051152 25335 0511522533514
P, (GeV/c) P, (GeV/c) P, (GeV/c)

FIG. 2. The ratioss{2}/ v3[2] for PbBPb collisions at Syy = 5.02 TeV (solid dark red squares) and 2.76 Td¥|[(open light red squares)
as a function of transverse momentum. The different panels display results in different centrality intervals. Statistical (systematidjescertain
are represented by solid bars (faded boxes). Predictions from iEBE-VISHNU hydrodynamic modelr&NTd initial conditions and
temperature-dependetts(T) [71], and with AMPT initial conditions and s= 0.08 [71], are shown in colored bands.
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FIG. 3. The ratiov4{2}/ v4[2] for PbPPb collisions at Sy = 5.02 TeV (solid dark cyan triangles) and 2.76 Tedg] (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 iIEBE-VISHNU hydrodynamic mode{EMNTfo Thitial
conditions and temperature-dependérg(T) [71], and with AMPT initial conditions and s= 0.08 [71], are shown in colored bands.

Ref. [46]. The hydrodynamic calculations are consistent withdeviations from unity at highept in central collisions. The
unity for pr > 0.6 GeV ¢ but show a deviation from unity at hydrodynamic model with AMPT initial conditions produces
low pr inconsistent with the measureg{2}/ v4[2]. a slightly larger deviation af, from unity atpr > 2.5GeV/ ¢

This paper also presents precision measurements of the faicr central collisions than the one withkEENTO initial condi-
torization ratiosr, in PbBPb collisions at Syy = 5.02TeV  tions, while both provide a reasonable description of the dat