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Abstract

The elliptic, triangular, quadrangular and pentagonal anisotropic flow coefficients for 7, K* and
p+p in Pb—Pb collisions at /sy = 2.76 TeV were measured with the ALICE detector at the Large
Hadron Collider. The results were obtained with the Scalar Product method, correlating the identified
hadrons with reference particles from a different pseudorapidity region. Effects not related to the
common event symmetry planes (non-flow) were estimated using correlations in pp collisions and
were subtracted from the measurement. The obtained flow coefficients exhibit a clear mass ordering
for transverse momentum (pt) values below ~ 3 GeV/c. In the intermediate pt region (3 < pr <
6 GeV/c), particles group at an approximate level according to the number of constituent quarks,
suggesting that coalescence might be the relevant particle production mechanism in this region. The
results for pt < 3 GeV/c are described fairly well by a hydrodynamical model (EBE-VISHNU)
that uses initial conditions generated by A Multi-Phase Transport model (AMPT) and describes the
expansion of the fireball using a value of 0.08 for the ratio of shear viscosity to entropy density
(n/s), coupled to a hadronic cascade model (UrQMD). Finally, expectations from AMPT alone fail
to quantitatively describe the measurements for all harmonics throughout the measured transverse
momentum region. However, the comparison to the AMPT model highlights the importance of the
late hadronic rescattering stage to the development of the observed mass ordering at low values of pr
and of coalescence as a particle production mechanism for the particle type grouping at intermediate
values of pr for all harmonics.
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1 Introduction

Quantum chromodynamics (QCD) calculations on the lattice [} 2] suggest that at high values of tem-
perature and energy density a transition takes place from ordinary nuclear matter to a state where the
constituents, the quarks and the gluons, are deconfined. This state of matter is called the quark-gluon
plasma (QGP) [3-5]]. The aim of the heavy-ion program at the Large Hadron Collider (LHC) is to study
the QGP properties, such as the equation of state, the speed of sound in the medium, and the value of the
ratio of shear viscosity to entropy density (1/s).

One of the important observables sensitive to the properties of the QGP is the azimuthal distribution
of particles emitted in the plane transverse to the beam direction. In non-central collisions between two
heavy ions the overlap region is not isotropic. This spatial anisotropy of the overlap region is transformed
into an anisotropy in momentum space initially through interactions between partons and at later stages
between the produced particles. The resulting anisotropy is usually expressed in terms of a Fourier series
in azimuthal angle @ [6, 7] according to
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where E, N, p, pt, ¢ and 1 are the energy, particle yield, total momentum, transverse momentum,
azimuthal angle and pseudorapidity of particles, respectively, and W), is the azimuthal angle of the sym-
metry plane of the n"-order harmonic [8-11]]. The n"-order flow coefficients are denoted as v, and can
be calculated as

vy = (cos[n(ep —¥,)]), (2)

where the brackets denote an average over all particles in all events. Since the symmetry planes are not
accessible experimentally, the flow coefficients are estimated solely from the azimuthal angles of the
produced particles. The second Fourier coefficient, v,, measures the elliptic flow, i.e. the momentum
space azimuthal anisotropy of particle emission relative to the second harmonic symmetry plane. The
study of v, at both the Relativistic Heavy Ion Collider (RHIC) and the LHC contributed significantly
to the realisation that the produced system can be described as a strongly-coupled quark-gluon plasma
(sQGP) with a small value of 11 /s, very close to the conjectured lower limit of 1/47 from AdS/CFT [12].

In addition, the overlap region of the colliding nuclei exhibits an irregular shape [8H11} [13]]. The irreg-
ularities originate from the initial density profile of nucleons participating in the collision, which is not
isotropic and differs from one event to the other. This, in turn, causes the symmetry plane of the irregular
shape to fluctuate in every event around the reaction plane, defined by the impact parameter vector and
the beam axis, and also gives rise to the additional higher harmonic symmetry planes ¥,. The initial
state fluctuations yield higher order flow harmonics such as vs, v4, and vs that are usually referred to
as triangular, quadrangular, and pentagonal flow, respectively. Recent calculations [[14, [15] suggest that
their transverse momentum dependence is a more sensitive probe than elliptic flow not only of the initial
geometry and its fluctuations, but also of 1/s. The first measurements of the pr-differential v,, denoted
as vu(pr), of charged particles at the LHC [16H18] provided a strong testing ground for hydrodynam-
ical calculations that attempt to describe the dynamical evolution of the system created in heavy-ion
collisions.

An additional challenge for hydrodynamical calculations and a constraint on both the initial conditions
and 1 /s can be provided by studying the flow coefficients of Eq.[2|as a function of collision centrality and
transverse momentum for different particle species. The first results of such studies at RHIC [19-22] and
the LHC [23| 24] revealed that an interplay of radial flow (the average velocity of the system’s collective
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radial expansion) and anisotropic flow leads to a characteristic mass dependence of v, (pr) [25H27] for
pr < 3 GeV/c. For higher values of transverse momentum up to pt ~ 6 GeV/c these results indicate
that the v, of baryons is larger than that of mesons. This behaviour was explained in a dynamical model
where flow develops at the partonic level followed by quark coalescence into hadrons [28) [29]. This
mechanism leads to the observed hierarchy in the values of v,(pr), referred to as number of constituent
quarks (NCQ) scaling. New results from ALICE [23]] and PHENIX [30] exhibit deviations from the NCQ
scaling at the level of +20% for pt > 3 GeV/c. In addition, the LHC results showed also that the v, of
the ¢-meson at intermediate values of transverse momentum follows the baryon rather than the meson
scaling for central Pb—Pb collisions [23]. Recently, the first results of v (pr), v3(pr), and v4(pr) for 7+,
K*, p+p for 50% most central Au—Au collisions at v/SNN = 200 GeV were reported [31]. The higher
harmonic flow coefficients exhibit similar mass and particle-type dependences as v, up to intermediate
values of pr.

In this article, we report the results for the pr-differential elliptic, triangular, quadrangular and pentagonal
flow for 7%, K* and p+p measured in Pb—Pb collisions at the centre of mass energy per nucleon pair
V/SnN = 2.76 TeV with the ALICE detector [32,33] at the LHC. The particles are identified using signals
from both the Time Projection Chamber (TPC) and the Time Of Flight (TOF) detectors, described in
Section [2] with a procedure that is discussed in Section [3] The results are obtained with the Scalar
Product method described in Section 4] and in detail in Refs. [23] [34436]. In this article, the identified
hadron under study and the charged reference particles are obtained from different, non-overlapping
pseudorapidity regions. A correction for correlations not related to the common symmetry plane (non-
flow), like those arising from jets, resonance decays and quantum statistics correlations, is presented
in Section @ This procedure relies on measuring the corresponding correlations in pp collisions and
subtracting them from the v, coefficients measured in Pb-Pb collisions to form the reported v$*®(pr),
where the superscript ‘sub’ is used to stress the subtraction procedure. The systematic uncertainties of
the measurements are described in Section [5] All harmonics were measured separately for particles and
anti-particles and were found to be compatible within the statistical uncertainties Therefore, the v$®°(pr)
for the average of the results for the opposite charges is reported. The results are reported in Section [6]
for the 0-50% centrality range of Pb—Pb collisions. Finally, results are also reported separately for ultra-
central events, i.e. the 0—1% centrality range, where the role of the collision geometry is reduced and one

expects that v (pr) is mainly driven by the initial state fluctuations.

2 Experimental setup

ALICE [32, 33] is one of the four large experiments at the LHC, particularly designed to cope with
the large charged-particle densities present in central Pb—Pb collisions [37]]. By convention, the beam
direction defines the z-axis, the x-axis is horizontal and points towards the centre of the LHC, and the
y-axis is vertical and points upwards. The apparatus consists of a set of detectors located in the central
barrel, positioned inside a solenoidal magnet which generates a 0.5 T field parallel to the beam direction,
and a set of forward detectors.

The Inner Tracking System (ITS) [32] and the TPC [38] are the main tracking detectors of the central
barrel. The ITS consists of six layers of silicon detectors employing three different technologies. The
two innermost layers, positioned at » = 3.9 cm and 7.6 cm, are Silicon Pixel Detectors (SPD), followed
by two layers of Silicon Drift Detectors (SDD) (r = 15 cm and 23.9 cm). Finally, the two outermost
layers are double-sided Silicon Strip Detectors (SSD) at r = 38 cm and 43 cm. The TPC surrounds the
ITS and provides full azimuthal coverage in the pseudorapidity range |n| < 0.9.

Charged pions, kaons and protons were identified using the information from the TPC and the TOF de-
tectors [32]]. The TPC allows for a simultaneous measurement of the momentum of a particle and its
specific energy loss (dE/dx) in the gas. The detector provides a separation by at least 2 standard devia-
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tions for the hadron species at pr < 0.7 GeV/c and the possibility to identify particles in the relativistic
rise region of dE /dx (i.e. 2 < pr < 20 GeV/c) [33]]. The dE /dx resolution for the 5% most central Pb—Pb
collisions is 6.5% and improves for more peripheral collisions. The TOF detector is placed around the
TPC and provides a 30 separation between 7—K and K—p up to pt = 2.5 GeV/c and pt =4 GeV/c,
respectively [33]]. This is done by measuring the flight time of particles from the collision point with a
resolution of about 80 ps. The start time for the TOF measurement is provided by the TO detectors, two
arrays of Cherenkov counters positioned at opposite sides of the interaction points covering 4.6 <1 < 4.9
(TOA) and —3.3 < 11 < —3.0 (TOC). The start time is also determined using a combinatorial algorithm
that compares the timestamps of particle hits measured by the TOF to the expected times of the tracks,
assuming a common event time #,, [33]. Both methods of estimating the start time are fully efficient for
the 50% most central Pb—Pb collisions.

A set of forward detectors, the VO scintillator arrays [39]], were used in the trigger logic and for the de-
termination of the collision centrality, discussed in the next section. The VO consists of two systems, the
VOA and the VOC, that are positioned on each side of the interaction point and cover the pseudorapidity
ranges of 2.8 < 1 < 5.1 and —3.7 < n < —1.7, respectively.

For more details on the ALICE experimental setup and the performance of the detectors, see Refs. [32,
33

3 Event sample, track selection and particle identification
3.1 Trigger selection and data sample

The analysis is performed on data from pp and Pb-Pb collisions at /sy = 2.76 TeV collected with the
ALICE detector in 2011. The minimum bias trigger in pp collisions required at least one hit in either of
the VO detectors or the SPD. In Pb—Pb collisions, minimum bias events were triggered by the coincidence
between signals from the two sides of the VO detector. In addition, in Pb—Pb collisions, an online selec-
tion based on the VO detectors was used to increase the number of central (i.e. 0-10% centrality range)
and semi-central (i.e. 10-50% centrality range) events. An offline event selection, exploiting the signal
arrival time in VOA and VOC, measured with a 1 ns resolution, was used to discriminate background
(e.g. beam—gas) from collision events. This led to a reduction of background events in the analysed
samples to a negligible fraction (< 0.1%) [33]]. All events selected for the analysis had a reconstructed
primary vertex position along the beam axis (zy) within 10 cm from the nominal interaction point. Fi-
nally, events with multiple reconstructed vertices were rejected, leading to a negligible amount of pile—up
events for all systems [33]]. After all the selection criteria, a filtered data sample of approximately 25 X
10° Pb—Pb and 20 x 10° pp events were analysed to produce the results presented in this article.

Events were classified according to fractions of the inelastic cross section and correspond to the 50%
most central Pb—Pb collisions. The 0-1% interval represents the most central interactions (i.e. smallest
impact parameter) and will be referred to as ultra-central collisions in the following. On the other hand,
the 40-50% interval corresponds to the most peripheral (i.e. largest impact parameter) collisions in the
analysed sample, imposed by the usage of the semi-central trigger for the collected sample in 2011. The
centrality of the collision was estimated using the distribution of signal amplitudes from the VO detectors.
The systematic uncertainty due to the centrality estimation is determined using the charged particle mul-
tiplicity distribution of TPC tracks and the number of SPD clusters, and will be discussed in Section [5]
Details about the centrality determination can be found in Ref. [40].

3.2 Track selection

In this analysis, tracks are reconstructed using the information from the TPC and the ITS detectors. The
tracking algorithm, based on the Kalman filter [41} 42], starts from a collection of space points (referred
to as clusters) inside the TPC, and provides the quality of the fit by calculating its y> value. Each
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space point is reconstructed at one of the TPC padrows, where the deposited ionisation energy is also
measured. The specific ionisation energy loss (dE/dx) is estimated using a truncated mean, excluding
the 40% highest-charge clusters associated to the track. The obtained (dE/dx) has a resolution, which
we later refer to as orpc. The tracks are propagated to the outer layer of the ITS, and the tracking
algorithm attempts to identify space points in each one of the consecutive layers, reaching the innermost
ones (i.e. SPD). The track parameters are then updated using the combined information from both the
TPC and the ITS detectors. If the algorithm is unable to match the track reconstructed in the TPC with
associated ITS clusters (e.g. due to inefficiencies caused by dead channels in some of the ITS layers), the
track parameters calculated from the TPC tracking algorithm are used instead. This tracking mode will
be referred to as hybrid tracking in the rest of the text, and is used as the default in this analysis since it
also provides uniform ¢ distribution.

Primary charged pions, kaons and (anti-)protons were required to have at least 70 reconstructed space
points out of the maximum of 159 in the TPC. The average x> of the track fit per TPC space point per
degree of freedom (see [33] for details) was required to be below 2. These selections reduce the con-
tribution from short tracks, which are unlikely to originate from the primary vertex. To further reduce
the contamination by secondary tracks from weak decays or from the interaction with the material, only
particles within a maximum distance of closest approach (DCA) between the tracks and the primary ver-
tex in both the transverse plane (DCA,, < 2.4 cm) and the longitudinal direction (DCA; < 3.2 cm) were
analysed. Moreover, the tracks were required to have at least two associated ITS clusters in addition to
having a hit in either of the two SPD layers. This selection leads to an efficiency of about 80% for pri-
mary tracks at pt > 0.6 GeV/c and a contamination from secondaries of about 5% at pr = 1 GeV/c [43]].
These values depend on particle species and transverse momentum [43]].

The systematic uncertainty due to the track reconstruction mode was estimated using two additional
tracking modes, one relying on the so-called standalone TPC tracking with the same parameters de-
scribed before, and a second that relies on the combination of the TPC and the ITS detectors (i.e. global
tracking) with tighter selection criteria. In the latter case, the maximum value of DCA was 0.3 cm in
both the transverse plane and the longitudinal direction, thus further reducing the amount of secondary
particles in the track sample.

The results are reported for all identified hadrons in || < 0.8 and for the transverse momentum range
0.3 < pr < 6.0 GeV/c for 7% and 0.3 < pr < 4.0 GeV /c for K*. Finally, since the contamination from
secondary protons created through the interaction of particles with the detector material can reach values
larger than 5% for pt < 1 GeV/c, only p were considered for 0.4 < pt < 1 GeV/c, while for higher
values (i.e. 1 < pr < 6 GeV/c) a combined measurement of p and p is reported.

3.3 Identification of 7%, K* and p+p

The particle identification (PID) for pions (7%), kaons (K*) and protons (p+p) used in this analysis is
based on a Bayesian technique described in detail in [44], with the time-of-flight tror and the specific
energy loss in the TPC (dE/dx) as the input quantities. Different particle species are identified by
requiring a minimum probability of 90%. The PID efficiency of this method is higher than 95% both for
pions and protons up to pr ~ 2.5 GeV /c while for kaons it exhibits a stronger pr dependence, reaching
60% at 2.5 GeV/c with a minimum of 25% at 4 GeV/c. Furthermore, the contamination is below
5% both for pions and protons, while for kaons it remains below 10% throughout the entire transverse
momentum range considered in this analysis.

In addition, a different PID procedure that relied on the two-dimensional correlation between the number
of standard deviations in units of the resolution from the expected signals of the TPC and the TOF detec-
tors was also investigated, similar to what was reported in [23]]. In this approach particles were selected
by requiring their signal to lie within maximum three standard deviations from the (dE /dx) and froF val-
ues expected for a given particle species and transverse momentum. In addition, the purity was required
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to be at least 80%, a condition that becomes essential with increasing transverse momentum where the
relevant detector response for different particle species starts to overlap.

4 Analysis technique

In this article, higher flow harmonics for charged pions, charged kaons, protons and anti-protons are
reported. In the following paragraphs, the technique used for the measurement of flow harmonics is
discussed and an approach to estimate the contribution of non-flow correlations, applied to obtain the
final results, is presented. For the estimation of these higher flow harmonics, the symmetry planes are
not reconstructed on an event-by-event basis and thus the azimuthal angles of particles are not directly
correlated to them. Instead, they are estimated with correlation techniques, where only the azimuthal
angles of produced particles are required.

4.1 Scalar Product method

In this article, the flow harmonics are calculated with the Scalar Product (SP) method [34), 135] in which
the identified particle of interest (POI) and the charged reference particles (RP) are both selected within
the acceptance of the TPC detector. This method is based on the calculation of the Q-vector from a
sample of RP [45]], according to

— M .
On=Y, "%, 3)

kERP

where M is the multiplicity of RPs, ¢ is the azimuthal angle of the k™ reference particle and 7 is the
order of the flow harmonic.

TPl

In this study, each event is divided into two subevents “a” and “b”, covering the ranges —0.8 < n <
0.0 and 0.0 < 1 < 0.8, respectively. The measured v (v2) coefficients are calculated by selecting the
identified hadrons (POIs) from subevent “a” (“b”) and the reference particles from subevent “b” (“a”)
according to

a

vn(pT) =
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In Eq. EI, the brackets denote an average over all particles and all events, M“ and M? are the measured
multiplicities of RPs from each subevent in the TPC detector, ﬁ’,j = "% k € q, is the unit vector of the
k"™ POI in subevent “a”, QZ is the Q-vector calculated in subevent “a” and QZ* is the complex conjugate
of the Q-vector calculated in subevent “b”. The denominator in Eq. ] is referred to further in the text
as reference flow. The final measured VA coefficients are calculated as a weighted average of v and v2
with the inverse of the square of the statistical uncertainty being the weight.

4

The Scalar Product method, used in this article, as well as in [23], requires less statistics than multi-
particle methods, since it is essentially based on two-particle correlations. In addition, it does not intro-
duce any bias originating from multiplicity fluctuations since all Q-vectors in Eq. ] are normalised by
the relevant multiplicities [36].

4.2 Estimation of non-flow correlations

Even after selecting particles from two non-overlapping subevents, a significant residual non-flow contri-
bution remains in the measured flow coefficients. These non-flow contributions are mainly few-particle
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effects and scale roughly with the inverse of the multiplicity for methods which rely on two-particle cor-
relations, such as the SP. These include correlations originating from jets, resonance decays and quantum
statistics correlations which contribute additively to the value of vAA. We assume that they do not drasti-
cally change with the centrality interval, as discussed in [35}!46]] and shown in [47]]. The corresponding
contributions can be estimated using minimum bias pp collisions [35]] and in this article this estimate,
denoted as 5,‘1% PP s subtracted from the measured flow coefficients according to

WP (pr) = vt (pr) — 8P (pr), (5)

(- §), )"

0y Oh\MA
(A (G- S5

SWWAAPP (pr) = (6)

where the final 8" is calculated as a weighted average of V"™ and §"**PP with the inverse of
the square of the statistical uncertainty as the weight. The term SAAPP g given by Eq. @ (similarly for
SVARPPY Ty Eq. @ (M)PP and (M)** are the average multiplicities of RPs calculated in pp and Pb—Pb
collisions, respectively. In this article, we report the results of v$*°, defined in Eq.[5| with the superscript
‘sub’ added to stress the applied subtraction procedure. This approach is different compared to previous
measurements [23| 48], where a large pseudorapidity gap An between the POIs and the RPs was used to

significantly reduce the contribution from non-flow correlations.

Figurepresents the pr-differential (M) ((i, - Qﬁ’*’» i.e. the azimuthal correlations scaled by the relevant
multiplicities, in pp and Pb—Pb in three centrality intervals (i.e. 0-1%, 20-30% and 40-50%) for all
flow harmonics reported in this article for pions, kaons and protons, in the appropriate kinematic range
for each species. The data points are drawn with statistical and systematic uncertainties, represented
by the error bars and the boxes, respectively. This representation is used in all plots of this article.

It is seen that (M)PP((ii, - %»Pp for pr > 1 GeV/c increases monotonically, reaching the magnitude

of (M)A ({idy - %»AA in ultra-central collisions at high values of pr, where non-flow correlations are
expected to become significant.

S Systematic uncertainties

The systematic uncertainties are estimated by varying the event and track selection criteria and by study-
ing the detector effects with Monte Carlo (MC) simulations for all particle species, centrality intervals
and flow harmonics separately. The contributions from different sources, described below, were extracted

from the difference of the pr-differential v (for Pb—Pb collisions) and (M )PP ((ii, - %))PP (for pp col-
lisions) between the default selection criteria described in Section |3 and their variations summarised in
Table [I] All sources with a statistically significant contribution (i.e. larger than 3¢, where o is the un-
certainty of the difference between the default results and the ones obtained from the variation of the
selection criteria, assuming the two are fully correleated) were then added in quadrature to form the final

value of the systematic uncertainty on vA4 (or (M)PP({ii,, - %})Pp) that was propagated to the uncertainty

sub
onv, .

Table 2] summarises the maximum absolute value, over all transverse momentum and centrality intervals,
of the systematic uncertainties from each individual source. These maximum values are obtained for
pr > 3 GeV/c where the typical vi*® values are between 0.1 and 0.2 for v%”b (for centrality intervals
above the 10-20% range), 0.07-0.15 for v§“b, 0.05-0.1 for vj”b, and around 0.05 for vgub, for all sources

apart from the DCA variations. In the latter case, the maximum values are obtained for pr < 1 GeV/e,
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Fig. 1: The pr-differential (M) {(i, - %)) of pions (left column), kaons (middle column) and protons (right col-
umn) for minimum bias pp and 0-1%, 20-30% and 40-50% centralities in Pb—Pb collisions at \/sxn = 2.76 TeV.

The rows represent different harmonics.
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Error source Default Variations
Primary z,,, +10 cm +6 cm, 8 cm
Centrality estimator VO amplitude | SPD clusters, TPC tracks
Magnetic field polarity both fields positive, negative
Number of TPC space points 70 50, 80, 90, 100

x% /ndf per TPC space point 2 1, 1.5

DCA,, (DCA;) cm 24 (3.2) 0.3,0.6,09,1.2
Tracking mode hybrid TPC standalone, global
PID probability 90% 94%, 98%

MC closure test — —

Non-flow estimation — —

Table 1: List of the selection criteria and the corresponding variations used for the estimation of the systematic

uncertainties.
where the V3" values are significantly smaller.
v%ub v’s;ub VZUb v;ub

Error source Tt ‘ K+ ‘ p+p Tt ‘ K* ‘ p+p Tt ‘ K+ ‘ p+p Tt ‘ K+ ‘ p+p
Centrality estimator 0.003 | 0.001 | 0.002 | 0.003 [ 0.001 | 0.002 | 0.001 | 0.002 [ 0.003 ] 0.002 | 0.003 | 0.006
Magnetic field polarity - 0.002 [ 0.002 | 0.002 | 0.002 [ 0.002 | 0.002 | 0.004 [ 0.005 | 0.004
DCA,, (DCA,) 1074 - J1w*l10*] - [wo*]w*] - [2x10*]10*] - [2x107*
Tracking mode 0.005 | 0.003 | 0.005 | 0.005 | 0.004 | 0.004 | 0.005 | 0.004 | 0.005 | 0.005 | 0.006 | 0.01
PID probability - - - 0.001 | 0.001 0.001
MC closure test 0.006 [ 0.002 [ 0.001 | 0.003 ] 0.004 [ 0.003 | 0.002 ] 0.006 [ 0.003 ] 0.002 [ 0.006 | 0.003
Non-flow estimation - - 0.001 | 0.001 | 0.003 | 0.001 | 0.001 | 0.003

Table 2: List of the maximum value of systematic uncertainties from each individual source for each flow harmonic
vf,“b and particle species. Sources that do not contribute to the systematic uncertainty are not reported in this table.

In order to study the effect of the position of the primary vertex along the beam axis (z,,,) on the mea-
surements, the event sample was varied by changing this selection criterium from +10 cm to +8 cm
and finally to 46 cm. For all species and centralities, the resulting v$*°(p1) were consistent with results
obtained with the default selection. In addition, changing the centrality selection criteria from the signal
amplitudes in the VO scintillator detectors to the multiplicity of TPC tracks or the number of SPD clus-
ters resulted in maximum contribution of 0.003 (1), 0.003 (K¥), 0.006 (p+p) for all flow harmonics in
pt > 3 GeV/e. For pr < 3 GeV/e, the corresponding contributions from this source were significantly
smaller in absolute value. Finally, results from runs with different magnetic field polarities did not exhibit
any systematic change in vi“b( pr) for any particle species or any centrality. For higher harmonics and for
pr > 3 GeV/e, the corresponding contributions were at maximum 0.002 for all species and centralities
sub sub

in v§"°(pr) and v;**(pt), and 0.005 in v%“b(pT), with significantly smaller values for pt < 3 GeV/c.

In addition, the track selection criteria, such as the number of TPC space points and the y? per TPC
space point per degree of freedom were varied, for all particle species presented in this article. No
systematic deviations in the values of vi”b( pr) relative to the results obtained with the default selections
were found. The impact of secondary particles on the measured vf,“b, including products of weak decays,
was estimated by varying the selection criteria on both the longitudinal and transverse components of the
DCA. This resulted in a non-negligible uncertainty only for pions and anti-protons mainly at low values
of transverse momentum (i.e. pr < 1 GeV/c) as indicated in Table [2] for all harmonics and centralities.
Uncertainties originating from the selected tracking procedure were estimated by using the global or
the standalone TPC tracking modes (see the discussion in Section for details). For all harmonics,
differences that contribute to the final systematic uncertainty were found for pt > 3 GeV/c and their
maximum values over all centralities are summarised in Table [2| Systematic uncertainties associated
with the particle identification procedure were studied by varying the value of the minimum probability
of identifying a particle with the Bayesian approach from 90% to 94%, and eventually 98%, but also
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using an independent technique relying on the number of standard deviations of both the dE /dx (Grpc)
and the tror (Oror) as described in Section[3.3]and in detail in Ref. [23]. These variations did not reveal
any systematic differences in the results for vgub( PT)» v“b (pr) and v““b (pr) relative to the results with the
default identification requirements. For v%“b(pT) and for pr >3 GeV/c the systematic uncertainty was
below 0.001 for all particle species. Systematic uncertainties due to detector inefficiencies were studied
using Monte Carlo samples. In particular, the results of the analysis of a sample at the event generator
level (i.e. without invoking either the detector geometry or the reconstruction algorithm) were compared
with the results of the analysis over the output of the full reconstruction chain, in a procedure referred
to as “MC closure test”. Table [2] summarises the maximum contributions over all transverse momenta
and centralities, found for pt > 3 GeV/c, for each particle species and harmonic. On the other hand, for
pt < 3 GeV/c the corresponding contributions were significantly smaller.

Furthermore, the contribution from the estimation of non-flow effects extracted with the procedure de-
scribed in Section 4.2] was studied by investigating the same list of variations of the event and track
selection criteria summarised in Table |1} coherently in pp and Pb—Pb collisions. The maximum differ-
ences were negligible for v““b(pT) and v“‘b(pT) and were up to 0.001 for pions and kaons and 0.003 for
protons with pt > 3 GeV/c for vS“b(pT) and v““b(pT)

Moreover, the analysis was repeated using different charge combinations (i.e. positive—positive and
negative—negative) for the identified hadrons and the reference particles in both Pb—Pb and pp colli-
sions. The results, after the correction of Eq. 5] were compatible with the default ones. Finally, the two
subevents used to select POIs and RPs were further separated, by applying a pseudorapidity gap (An)
between them, from no-gap (default analysis) to |An| > 0.4 and eventually reaching |An| > 0.8. Both
vAA and 8PP were calculated using the same gap and the results after the subtraction did not exhibit
any systematic change in v{"P(pr) for any particle species or any centrality.

6 Results and discussion

sub  sub sub

In this section, the results for the pr-differential v5*°, v3™, v b and vs™ measured in Pb—Pb collisions at
V3NN = 2.76 TeV for 0-1% up to 40-50% centrahty intervals for pions, kaons and protons are presented.
We first present, in Sec. the centrality dependence of v$"°(p1) and the relevant contribution of the
subtraction terms used to measure v$"°. Section 6.2|focuses on the development of v$"°(pr) for different
harmonics in ultra-central collisions. Section presents the mass dependence of v““b(pT) which is
followed by a discussion about the scaling properties of different flow harmonics in different centrality
intervals. In Section [6.5] two models, namely iEBE-VISHNU [49] and A Multi Phase Transport model
(AMPT) [50H52], are compared with the experimental measurements. Note that the same data will be
shown in different representations in the following sections to highlight the various physics implications
of the measurements.

6.1 Centrality dependence of flow harmonics

Flgure Ipresents the pr-differential v““b (in the top row) and the corresponding subtracted terms denoted
as 5 A-pp (p1) (bottom row) for T, KjE and p+p measured in different centrality intervals (0—1% up to
40- 50%) in Pb—Pb collisions at /sy = 2.76 TeV. The results are grouped in each panel according to
particle species to show the dependence of v““b( pr) on centrality.

This figure illustrates how the value of vsub(pT) increases with centrality (top row) from ultra-central
(0-1%) to the most peripheral collisions (40-50%). This is in agreement with the interpretation that
the final-state ellipticity of the system originating from the initial-state ellipsoidal geometry in non-
central collisions. As illustrated in this figure, this increase for v““b(pT) is smaller for more peripheral
collisions: the value of v§"°(pr) does not increase significantly from the 30-40% to the 40-50% centrality
interval despite an increase in the geometrical eccentricity. This might originate from several effects,
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Fig. 2: The pr-differential v%“b (top row) and 52A App (bottom row) for different centralities in Pb—Pb collisions at
/SNN = 2.76 TeV grouped by particle species.

such as i) the smaller lifetime of the fireball (the hot, dense and rapidly expanding medium) in peripheral
compared to more central collisions that does not allow vz"b to develop further, ii) a reduced contribution
of eccentricity fluctuations in these centrality intervals compared to more central events or iii) final-state
hadronic effects [S3]. In addition, a significant vi“b(pT) develops in ultra-central collisions where the
collision geometry is almost isotropic and therefore v%"b reflects only the contribution from initial-state
fluctuations. In summary, the results in Fig. 2] confirms that the geometry of the collision plays a crucial
role in the development of v%“b as a function of centrality for all particle species. It is also confirmed that

the initial-state fluctuations contribute significantly as well.

Figureadditionally illustrates how 52A AP develops with centrality (bottom row). This figure also shows
that the value of 52A APP becomes larger with increasing transverse momentum, in a p range where non-
flow is believed to be a significant contributor to the azimuthal correlations. Furthermore, the relative
contribution of 52A APP (o v‘;‘A changes as a function of centrality. In particular, the relative value of
6? APP g largest for ultra-central collisions (0—1%) where it is 20% of V?A. This percentage drops to
3% in the 10-20% centrality interval and increases to 7% for the most peripheral collisions (40-50%).
This change is also reflected in the absolute value of 5? APP The magnitude of 6? APP decreases from
ultra-central events (0—1%) to the 10-20% centrality interval and increases from this centrality interval
up to the most peripheral events (40-50%). This trend as a function of centrality is observed for all
particle species and it is due to the interplay between the decrease in multiplicity and the corresponding
increase in reference flow as one goes towards more peripheral collisions.

Similar to Fig. [2] Figs. and [5| present the pr-differential v%“b, vi“b and v%“b (top rows), respectively,
and the corresponding subtracted terms (bottom rows) for pions, kaons and protons measured in different
centrality intervals. One observes that all v**® have significant non-zero values throughout the entire
measured pr range for ultra-central collisions, where the main contributors to the initial coordinate-

space anisotropies, which are necessary for the development of v$*°, are supposed to be the fluctuations
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Fig. 3: The pr-differential v%“b (top row) and 53A App (bottom row) for different centralities in Pb—Pb collisions at
/SNN = 2.76 TeV grouped by particle species.
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Fig. 4: The pr-differential vi“b (top row) and Sf APP (bottom row) for different centralities in Pb—Pb collisions at

V/SNN = 2.76 TeV grouped by particle species.
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Fig. 5: The pr-differential v%”b (top row) and 55A App (bottom row) for different centralities in Pb—Pb collisions at
/SNN = 2.76 TeV grouped by particle species.

of the initial density profile [[16]. In addition, the values of the higher flow harmonics increase from
ultra-central collisions (0—1%) to the most peripheral collisions (40-50%). However, this increase as
a function of centrality is smaller in comparison to v%”b. Thus, v%“b seems to mainly reflect the initial
geometry of the system while the higher-order flow harmonics are affected less. The non-vanishing
values of these higher-order flow harmonics are consistent with the notion in which they are generated

primarily from the event-by-event fluctuations of the initial energy density profile.

In addition, all flow harmonics show a monotonic increase with increasing py up to 3 GeV/c reaching a
maximum that depends on the particle species and on the collision centrality. In particular, the position
of this maximum of v$"*(pr) exhibits a centrality dependence due to the change in radial flow which
becomes larger for central compared to peripheral collisions. Moreover, this maximum seems to have a
particle mass dependence as well, since it takes place at a higher pr value for heavier particles in each
centrality interval.

The lower panel of Figs. and [3| also illustrate the magnitude of &> as a function of pr. In these

cases, 5? PP varies between 5% and 8% relative to vSAA, Sf APP phetween 12% and 18% with respect to
VA and 8PP between 12% and 20% with respect to vA~. Similar to 8, the variation in the value

of higher harmonic 8PP g derived from the decrease in multiplicity and the increasing reference flow
in the transition from central to more peripheral collisions.

6.2 Evolution of flow harmonics in ultra-central Pb—Pb collisions

Figure@ shows the evolution of different flow harmonics for £& (left column), K* (middle column) and
p+p (right column) for ultra-central (i.e. 0—1%) collisions in comparison to the other centrality intervals.

For ultra-central Pb—Pb collisions one expects the influence of the collision geometry to the development
of v to be reduced compared to the contribution of initial energy-density fluctuations. Figure |§I shows
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Fig. 6: The evolution of the pr-differential vfl“b for *

, K* and p+p, in the left, middle and right columns,

respectively, grouped by centrality interval in Pb—Pb collisions at /sy = 2.76 TeV.

that for pions the value of vSub

is equal to v}

sub

at around pr ~ 1 GeV/c and becomes the dominant

harmonic for higher transverse momenta. Furthermore Vi at pr ~ 2 GeV /c and v$*® at around pr ~ 3
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Fig. 7: The pr-differential vi“b (left figure) and v§“b (right figure) for different particle species grouped by centrality
class in Pb—Pb collisions at /sy = 2.76 TeV.

GeV /c become equal to vi“b. For higher transverse momentum values, vj“b becomes gradually larger
than v§*® reaching a similar magnitude as v%“b at around 3.5 GeV /¢, while v%“b remains equal to v5"°.

As the collisions become more peripheral, one expects that geometry becomes a significant contributor
to the development of azimuthal anisotropy. As a result, v%“b is the dominant harmonic for peripheral
collisions throughout the entire measured momentum range. Furthermore, v§“b, vj“b and v%“b seem to
have similar magnitudes and pt evolution as observed in ultra-central Pb—Pb events, indicating a smaller

influence of the collision geometry in their development than for vz‘lb.

For kaons and protons, one observes a similar trend in the pt evolution of v%ub, v%‘“’, vj“b and v%ub as for

pions. However, the flow harmonics for ultra-central collisions (top middle and right plots of Figs. [6]
respectively) exhibit a crossing that takes place at pt values that change as a function of the particle
mass. For kaons, the crossing between vzub and v§“b occurs at higher pr (=1.4 GeV/c) compared to
pions while for protons it occurs at an even higher py value (=~1.8 GeV/c). Similarly, the v%“b and

vj“b crossing occurs higher in pr for kaons (=2.2 GeV/c) and protons (=2.8 GeV/c) as compared to

pions. The values of v{" for kaons reach a similar magnitude to vg"b at around 3.5 GeV/c and this takes
place at around 4 GeV /¢ for protons. The dependence of the crossing between different flow harmonics,
and thus the range where a given harmonic becomes dominant, on the particle mass can be attributed to

the interplay of not only elliptic but also triangular and quadrangular flow with radial flow.

6.3 Mass ordering

The interplay between the different flow harmonics and radial flow can be further probed by studying how
v (pr) develops as a function of the particle mass for various centralities. In Ref. [23], it was clearly
demonstrated that the interplay between radial and elliptic flow leads to a characteristic mass ordering
at pr < 2-3 GeV/c. This mass ordering originates from the fact that radial flow creates a depletion
in the particle spectrum at low pt values, which increases with increasing particle mass and transverse
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Fig. 8: The pr-differential v““b (left figure) and v‘“b (right figure) for different particle species grouped by centrality
class in Pb—Pb collisions at ,/sny = 2.76 TeV.

velocity. When this effect is embedded in an environment where azimuthal anisotropy develops, it leads
to heavier particles having smaller v$*® values compared to lighter ones at given values of pr. It is thus
interesting to study whether the interplay between the anisotropic flow harmonics and radial flow leads
also to a mass ordering in vS“b(pT) forn > 2.

Figure I—left presents the pr-differential vS“b for charged pions, kaons and protons starting from ultra-
central collisions up to the 40-50% centrahty interval. The observed evolution of vs“b with mass confirms
that the interplay between elliptic and radial flow leads to lower vzub values at fixed pr for heavier

particles for pr < 2-3 GeV/c, depending on the centrality interval.

Similarly, Figs. I—rlght I—left and l»rlght show the pr-differential vSllb j“b and vS“b respectively, for
different particle species and for each centrality interval. A clear mass ordering is seen in the low pr re-
gion, i.e. for pr <2-3 GeV /c, for vsub( PT)> vwb( pr) and vsub (pr), which arises from the interplay between
the anisotropic flow harmonics and radial flow.

Furthermore, the v$"°(pr) values show a crossing between pions, kaons and protons, that, depending on
the centrality and the order of the flow harmonic, takes place at different pr values. In Figs.[7]and [§]it
is seen that the crossing between, e.g. 7% and p+p occurs at lower pr for more peripheral collisions in
comparison to more central events. The crossing point for central collisions occurs at higher pr values
for v3"P since the common velocity field, which exhibits a significant centrality dependence, affects heavy
particles more. The current study shows that this occurs not only in the case of elliptic flow but also for
higher flow harmonics. Finally, beyond the crossing point for each centrality and for every harmonic, it
is seen that particles tend to group based on their number of constituent quarks. This apparent grouping
will be discussed in the next subsection.
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6.4 Test of scaling properties

It was first observed at RHIC that at intermediate values of transverse momentum (3 < pr < 6 GeV/c)
the value of v, for baryons is larger than that of mesons [19-22]. As a result it was suggested that if
both 13" and pr are scaled by the number of constituent quarks (ng), the resulting pr/n, dependence
of the scaled values for all particle species will have an approximate similar magnitude and dependence
on scaled transverse momentum. This scaling, known as number of constituent quark scaling (NCQ),
worked fairly well at RHIC energies, although later measurements revealed sizeable deviations from a
perfect scaling [30]. Recently, ALICE measurements [23]] showed that the NCQ scaling at LHC energies

holds at an approximate level of +20% for v‘ZA‘A.

Although the scaling is only approximate, it stimulated various theoretical ideas that attempted to address
its origin. As aresult, several models [28,29] attempted to explain this observed effect by requiring quark
coalescence to be the dominant particle production mechanism in the intermediate pr region, where the
hydrodynamic evolution of the fireball is not the driving force behind the development of anisotropic
flow.

Figures |§I and (10| present v$"® and v%“b, as well as v§"® and vé“b, respectively, scaled by the number of
constituent quarks (1) as a function of pr/n, for 7, K* and p+p grouped in centrality bins. Figure[9}-
left is consistent with the observation reported in [23]] related to the elliptic flow. For higher harmonics
this scaling holds at the same level (££20%) within the current statistical and systematic uncertainties.

6.5 Comparison with models

Measurements of vAA at RHIC and LHC have been successfully described by hydrodynamical calcula-
tions. In particular in [23]] it was shown that a hybrid model that couples the hydrodynamical expansion
of the fireball to a hadronic cascade model describing the final-state hadronic interactions is able to re-
produce the basic features of the measurements at low values of pr. In parallel, various other models that
incorporate a different description of the dynamical evolution of the system, such as AMPT, are also able
to describe some of the main features of measurements of azimuthal anisotropy [S0H52]. In this section,
these two different theoretical approaches will be confronted with the experimental measurements.

6.5.1 Comparison with iEBE-VISHNU

Figures and |13| present the comparison between the ALICE measurements of v$"* and recent
v, hydrodynamical calculations from [49]]. These calculations are based on iEBE-VISHNU, an event-by-
event version of the VISHNU hybrid model [54] which couples 2+1 dimensional viscous hydrodynamics
(VISH2+1) to a hadron cascade model (UrQMD) [55]] and uses a set of fluctuating initial conditions
generated with AMPT. The iEBE-VISHNU model makes it possible to study the influence of the hadronic
stage on the development of elliptic flow and higher harmonics for different particles. In this model, the
initial time after which the hydrodynamic evolution begins is set to 7p = 0.4 fm/c and the transition
between the macroscopic and microscopic approaches takes place at a temperature of 7 = 165 MeV.
Finally, the value of the shear viscosity to entropy density ratio is chosen to be 1 /s = 0.08, corresponding
to the conjectured lower limit discussed in the introduction. These input parameters were chosen to best
fit the multiplicity and transverse momentum spectra of charged particles in most central Pb—Pb collisions
as well as the pr-differential v;, v3, and v4 for charged particles for various centrality intervals.

These figures show that this hydrodynamical calculation can reproduce the observed mass ordering in
the experimental data for pions, kaons and protons. In particular, it is seen that for the range 1 < pr <2
GeV/c in the 10-20% centrality interval the model overpredicts the pion vi”b(pT) values by an average
of 10%, however for more peripheral collisions the curve describes the data points relatively well. In
addition, the model describes v%“b and V" for charged pions within 5%, i.e. better than v§". Further-

more, it is seen that iEBE-VISHNU overpredicts the v%“b(pT) values of K* (i.e. 10-15% deviations)
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Fig. 11: The pr-differential v;“b for pions, kaons and protons measured with the Scalar Product method in Pb—

Pb collisions at /sNn = 2.76 TeV compared to v, measured with iEBE-VISHNU. The upper panels present the
comparison for 10-20% up to 40-50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between v%“b from data and v, from iEBE-VISHNU are

presented in the lower panels.

and does not describe p+p in more central collisions (i.e. by 10% with a different transverse momentum
dependence compared to data), but in more peripheral collisions the agreement with the data points is
better. Finally, the model describes the v%“b(pT) and vj“b(pT) values for K* and p+p with a reasonable
accuracy (i.e. within 5%) in all centrality intervals up to py around 2 GeV /c. These observations are also
illustrated in the lower plots of each panel in Figs. and [T3]that present the difference between the

measured v"® relative to a fit to the hydrodynamical calculation.

6.5.2 Comparison with AMPT

In addition to the hydrodynamical calculations discussed in the previous paragraphs, three different ver-
sions of AMPT [50-52] are studied in this article. The AMPT model can be run in two main configura-
tions: the default and the string melting. In the default version, partons are recombined with the parent
strings when they stop interacting. The resulting strings are later converted into hadrons using the Lund
string fragmentation model [56,57]. In the string melting version, the initial strings are melted into par-
tons whose interactions are described by a parton cascade model [58]]. These partons are then combined
into the final-state hadrons via a quark coalescence model. In both configurations a final-state hadronic
rescattering is implemented which also includes resonance decays. The third version presented in this
article is based on the string melting configuration, in which the hadronic rescattering phase is switched
off to study its influence to the development of anisotropic flow. The input parameters used in all cases
are: o, = 0.33, a partonic cross-section of 1.5 mb, while the Lund string fragmentation parameters were
setto @ =0.5and b =0.9 GeV 2.
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Fig. 12: The pr-differential vg“b for pions, kaons and protons measured with the Scalar Product method in Pb—

Pb collisions at \/snn = 2.76 TeV compared to v3 measured with iEBE-VISHNU. The upper panels present the
comparison for 10-20% up to 40-50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between v%“b from data and v3 from iEBE-VISHNU are
presented in the lower panels.

Figure @presents the pr-differential v, (first row), v3 (middle row) and v4 (bottom row) for pions, kaons
and protons for the 20-30% centrality interval. Each column presents the results of one of the three
AMPT versions discussed above. The string melting AMPT version (left column) predicts a distinct
mass ordering at low values of transverse momentum as well as a lower value of v,, for mesons compared
to baryons in the intermediate pt region for all harmonics, similar to what is observed in the experimental
measurements. On the other hand, the version with string melting but without the hadronic rescattering
contribution (middle column) can only reproduce the particle type grouping at intermediate pt values.
Finally, the default AMPT version is only able to reproduce the mass ordering in the low pr region. These
observations suggest that the string melting and the final-state hadronic rescattering are responsible for
the particle type grouping at intermediate pt and the mass ordering at low pr, respectively.

Since the AMPT string melting version is able to reproduce the main features of the experimental mea-
surement throughout the reported pr range, the corresponding results are compared with the data points
in Fig.[T3] It is seen that although this version of AMPT reproduces both the mass ordering and the par-
ticle type grouping at low and intermediate pr for all harmonics, it fails to quantitatively reproduce the
measurements. In order to understand the origin of this discrepancy both spectra and the pr-differential
vi“b for different particle species for the 20-30% centrality interval in AMPT were fitted with a blast-
wave parametrisation [59]]. The results were compared to the analogous parameters obtained from the
experiment [43]]. It turns out that the radial flow in AMPT is 25% lower than the measured value at the
LHC. As the radial flow is essential in shaping the pr dependence of v*"® we suppose that the unrealisti-

n
cally low radial flow in AMPT is responsible for the quantitative disagreement.
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Fig. 13: The pr-differential v““b for pions, kaons and protons measured with the Scalar Product method in Pb—
Pb collisions at \/syy = 2.76 TeV compared to v4measured with iEBE-VISHNU. The upper panels present the
comparison for 10-20% up to 40-50% centrality intervals. The thickness of the curves reflect the uncertainties
of the hydrodynamical calculations. The differences between vb”b from data and v4 from iEBE-VISHNU are
presented in the lower panels.

7 Conclusions

sub sub sub sub

In this article, a measurement of non-flow subtracted flow harmonics, v3*, v3**, vy" and v3™ as a function
of transverse momentum for 7+, K* and p+p for different centrality 1ntervals (0-1% up to 40-50%)
in Pb-Pb collisions at /sy = 2.76 TeV are reported. The v'® coefficients are calculated with the
Scalar Product method, selecting the identified hadron under study and the reference flow particles from
different, non-overlapping pseudorapidity regions. Correlations not related to the common symmetry
planes (i.e. non-flow) were estimated based on pp collisions and were subtracted from the measurements.

The validity of this subtraction procedure was checked by repeating the analysis using different charge
combinations (i.e. positive—positive and negative—negative) for the identified hadrons and the reference
particles collisions as well as applying different pseudorapidity gaps (An) between them, in both Pb—Pb
and pp collisions. The results after the subtraction in both cases did not exhibit any systematic change in
v (pr) with respect to the default ones for any particle species or centrality.

All flow harmonics exhibit an increase in peripheral compared to central collisions. This increase is more
pronounced for vS”b than for the higher harmonics. This indicates that vS”b reflects mainly the geometry of
the system, whlle higher order flow harmonics are primarily generated by event-by-event fluctuations of
the initial energy density profile. This is also supported by the observation of a significant non-zero value
of vf,“b> 0 in ultra-central (i.e. 0—1%) collisions. In this centrality interval of Pb—Pb collisions, vS“b and
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Fig. 14: The v)A(p1), v (pr) and v4*(pr) in 20-30% central Pb-Pb collisions at \/sny = 2.76 TeV, obtained
using the string melting, with (left) and without (middle) hadronic rescattering, and the default (right) versions.

vj”b become gradually larger than v%”b at a transverse momentum value which increases with increasing
order of the flow harmonics and particle mass. In addition, a distinct mass ordering is observed for
all vfl“b coefficients in all centrality intervals in the low transverse momentum region, i.e. for pr < 3
GeV/c. Furthermore, the vi"®(pt) values show a crossing between 7+, K* and p+p, that takes place at
different pt values depending on the centrality and the order of the flow harmonic. These observations
are attributed to the interplay between not only vzub but also the higher flow harmonics and radial flow.
For transverse momentum values beyond the crossing point between different particle species (i.e. for
pr > 3 GeV/c), the values of v for baryons are larger than for mesons. The NCQ scaling holds for
v%“b at an approximate level of £20% which is in agreement with [23]]. For higher harmonics this scaling

holds at a similar level within the current level of statistical and systematic uncertainties.

In the low momentum region, hydrodynamic calculations based on iEBE-VISHNU describe v%“b for all
three particle species and v%“b and vj“b of pions fairly well. For kaons and protons the model seems to
overpredict v%“b and v§*® in almost all centrality intervals. Finally, the comparison of different AMPT
configurations with the measurements highlights the importance of the final state hadronic rescattering
stage and of particle production via the coalescence mechanism to the development of the mass ordering
and the particle type grouping at low and intermediate transverse momentum values, respectively. The
AMPT with string melting is able to describe qualitatively both of these features that the experimental
data exhibit. However, it fails to quantitatively describe the measurements, probably due to a significantly

smaller radial flow compared to the experiment.
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Fig. 15: The v%“b(pT), v%“b(pT) and vj“b(pT) for 7%, K* and p+p measured in Pb—Pb collisions at /sny = 2.76
TeV compared to AMPT (with the string melting option) in the 20-30% centrality range.
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Fig. A.1: The v», v3 and v, integrated over the pr range 0.3 <pr< 6 GeV /c for 1 (left), 0.3 <pr< 4 GeV /c for
K* (middle) and 0.4 <pr< 6 GeV/c for p+p (right) as a function of centrality intervals in Pb—Pb collisions at

\/SNN = 2.76 TeV.
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Fig. A.2: Left: the pr/n, dependence of the double ratio of v§" /n, for K* and p+p relative to a fit to v§*® /n, of
n* for Pb—Pb collisions in various centrality intervals at /sy = 2.76 TeV. Right: the same for vsub /ng.
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Fig. A.3: Left: the pr/n, dependence of the double ratio of v{® /n, for K* and p+p relative to a fit to v§*™®/n, of

n* for Pb—Pb collisions in various centrality intervals at /sy = 2.76 TeV. Right: the same for v%“b /ng.
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A.3 KEqy scaling

It was suggested at RHIC to extend the scaling to lower pr values by studying the transverse kinetic
energy dependence of anisotropic flow harmonics. Transverse kinetic energy is defined as KEt = mt —

myg, where mt =

) 2 :
ny + Pt 18 the transverse mass.

| ALICE Pb-Pb |/s,;=2.76 TeV

Particle species
o TE
* K*
m pHp

0.5 1 15 2 25

(m-my)/n, (GeV/c?)

Fig. A.4: The (mr — mg)/n,-dependence of v§™/n, (left) and

I
0.5 1 15 2 25

(my-my)/n, (GeV/c?)

0.06

sub,
e

\

0.04

0.02

1 ALICE Pb-Pb |s=2.76 TeV

Particle species
o T¢
* K*
m p+p

sub,
3 Ing

\

b,
/ng

sul
3

\2

sub
v§Ping

collisions in various centrality intervals at ,/syn = 2.76 TeV.

32

(my-my)/n, (GeVic?)

25

I
0.5 1 15 2 25

(m-m,)/n, (GeV/c?)

V3™ /n, (right) for %, K= and p+p for Pb-Pb



Higher harmonic flow at the LHC ALICE Collaboration

0.06F a0 ‘ ‘ ‘ ‘ ‘
0-1% ALICE Pb-Pb |[5,=2.76 TeV 0.0af 0-1% 4 ALICE Pb-Pb |$,=2.76 TeV
o 0.04F W g Particle species > % Particle species
= o T < o T
3 . = 002f 4 .
Z< 0021 ¢ * * i * K* Bl % ﬁ H * K*
> m p+p > ﬁ m p+p
0.06F | ' ' ' R ' 1 . ' ' ' ' ' '
0-5% 5-10% 0.04- 0-5% 1 5-10% H |
Fou gty H bt
0.04f 10-20% 1 20-30%
0.04[ ﬁ
£ g I ﬁ
3 0.02f £
006 t t t —— t t
30-40% 40-50%
Sl T : ? M
ﬁ; 0.02 * * —+ E>m i %
0.‘5 i 1.‘5 é 2.‘5 0.‘5 i 1. 5 é 2.‘5 15 é 2.‘5
(m-my)/n, (GeV/c?) (m-my)/n, (GeVic?) (m-my)/n, (GeVic?) (m-my)/n, (GeV/c?)

Fig. A.5: The (mr — mg)/n,-dependence of v§{™/n, (left) and v /n, (right) for 7%, K* and p+p for Pb-Pb
collisions in various centrality intervals at /sy = 2.76 TeV.

£ 15p 0-1% H | ALICE Pb-Pb \5,=2.76 Tev | B 15r 0-1% T ALICE Pb-Pb s=2.76 Tev |
[= (=
3 Particle species & Particle species
. HHH f - e 1% Wmﬂw.@%ﬂ., e ]
= H HH wp+p £ + + up+p
£ ost ﬂﬂ - g £ ost + + g
B s
g L[ 0-5% T 5-10% 1 e 5[] 0-5% T 5-10% 1
CU C!I
§>N 1y ----H%Eé%%ﬁd‘gﬂﬂ b 5 8 48 %; 1 WW@-@-B@E- i @ﬂﬁ&%&@;@?w@--
= . =
2 A4 ., = oy |Mos "
= o5f 5 . - £ o5 e i 1
£ s
- 150 10-20% T 20-30% 1 N 15 10-20% b 20-30% 1
CU CU
EN 1....g@mﬁ.ﬁﬂ.@.mﬂfaaa@.u.g.@..... B LR A e 5214 N @ﬁ&gﬂﬂ@""m'@"
= . "y # = = +
£ osfts . L £ #
EM L 2o
e e
e B9 30-40% 1 40-50% e B9 30-40% 40-50%
: : e
3 b B -1} - » El 3 .. . o
g 1penamis .::.“::‘ﬂﬂﬂaﬂ' Bﬁfmm:'l:::: a,:nuﬂ g 1 DW& ¥ g% :¥$$
- EEn F - g = +
£ 05 E 1 £ osf () g + 1
z z '
05 1 15 05 1 15 15 05 1 15
(m-my)/n, (GeV/c?) (my-my)/n, (GeV/c?) (mT my)in, (GeV/cZ) (m;-my)/n, (GeV/c?)

Fig. A.6: Left: the (mr —my)/n, dependence of the double ratio of v§™®/n, for K* and p+p relative to a fit to
bub /ng of w* for Pb~Pb collisions in various centrality intervals at \/snn = 2.76 TeV. Right: the same for vwb /ng.

33



Higher harmonic flow at the LHC

ALICE Collaboration

VISP (v3UPm(v 5™

V5NV 5™

(V5T )V 3P/ ®

| ALICE Pb-Pb \5,=2.76 TeV |

Particle species

20- 30%

%&@ @B—%W %H

7 W

05 1 5
(m-my)/n, (GeV/c?)

0. 5 1 1. 5
(my-my)/n, (GeV/c?)

VIV ERINY™ (RN PG

VPNV gy

(v ERIn(v 0 In

| ALICE Pb-Pb \5,=2.76 TeV |

Particle species
*K*
mp+p

5-10%

o

20-30%

(my-my)/n, (GeVic?)

(m-my)/n, (GeV/c?)

Fig. A.7: Left: the (mr —my)/n, dependence of the double ratio of v§™ / n, for K* and p+p relative to a fit to
V5" /n, of * for Pb—Pb collisions in various centrality intervals at \/sxn = 2.76 TeV. Right: the same for v§*° /n,.

34



Higher harmonic flow at the LHC ALICE Collaboration

B The ALICE Collaboration

J. Adam® D. Adamov426] M.M. Aggarwaﬂﬂ, G. Aglieri Rinelld®® M. Agnellm, N. Agrawa@,
Z. Ahammed™Y, S, Ahmad™, S.U. AhiZ®, S, Aiolefm, A. Akindinov®Z, S.N. Alanf33],

D.S.D. Albu uerqum, D. Aleksandrovm, B. Alessandroum, D. Alexandrem, R. Alfaro Molinam,

A. Alic LA ALk, . AlmdEIB8] T A1 S, Altinpinal®, 1. AltsybeevZE C. Alves Garcia Pradd22],
M. Aﬂﬂ, C. Andrem, H.A. Andrewm, A. Andronicm, V. Anguelov%:t T. Antiéim, F. Antinorm,

P. Antoniolm, L. Aphecetchm, H. Appelshéiuserm, S. Arcellizu, R. Arnaldim, O.W. Arnolm,

1.C. ArseneJZI, M. Arslandokm, B. Audurielm, A. Au ustinusm], R. Averbeckgzl, M.D. Azmm, A. Badalm,
Y.W. Baekm, S. BagnaSCOHE, R. Bailhachem, R. Bala=- S. Balasubramanianm, A. Baldisserﬁﬂ, R.C. Bara@,
AM. Barbanom, R. Barberdm, F. Barilém, G.G. Barnaféldm, L.S. Barnbm, V. BarretIZZl, P. Bartalinfu,
K. Barthm, J. Bartk, E. Bartschm, M. Basilém, N. Bastidzzt S. BasdBE, B. Batherm, G. Batigném,

A. Batista Camejd”=, B. Batyunyd®®], P.C. Batzing?Z, 1.G. Bearder®2), H. BeckS%8] C. Beddd,

N.K. Beherd2 1. Belikovjﬂ{ F. BellinZ, H. Bello MartineZZ, R. Bellwied?, R. Belmonfl3Z]

E. Belmont-Morenom, L.G.E. Beltranm, V. BelyaeVE, G. Bencedm, S. Beolem, 1. Berceanlm,

A. Bercucm, Y. Berdnikom, D. Berenym, R.A. Bertensm, D. Berzandm, L. Betevm, A. Bhasinm:l,

LR. Bhat®3] A K. Bhat?@ B. Bhattacharjed®), J. Bhomt™, L. BianchiZZ%, N. BianchiZZ, C. Bianchirf31,

J. BieleilED, J. Bieltikovd®el, A. BilandzidE085] G, Bird38 R. Biswad® S. Biswad &L S. Bjelogrlid®,
J.T. Blail2W, D. Bla®Z], C. Blumé®3!, F. BockZ&l88] A BogdanovZZ, H. Beggild®3], L. Boldizsal38]

M. BombaraEII, M. Bonordm, J. Bookm, H. Boreﬁ, A. Borissmm, M. Borrm, F. Bossdm, E. Bottdm,
C. Bourja@, P. Braun—MunzingetlE, M. Breganm, T. BreitneIE, T.A. BrokeIEE, T.A. Browningm,

M. Brozﬂm, E.J. Bruckenm, E. Brunam, G.E. Brunom, D. Budnikom, H. Bueschingm, S. Bufalinm,

P. Buncicm, 0. Busclm, Z. Buthelezm, J.B. ButtE, J.T. Buxtonm, J. Cabalm, D. Caffarrpz’j, X. Caﬂﬂ,

H. CainesﬂE, L. Calero Diaﬂm, A. Calivam, E. Calvo Villalm, P. Camerinim, F. Carenam, W. Carendm,

F. Camesecchm, J. Castillo Castellano@, Al. Castrom, E.AR. Casulam:l, C. Ceballos Sancheﬂz', J. Cepilﬂn,
P. Cerellom, J. Cerkalam, B. Cjﬁg’ S. Chapelandm, M. Chartielm, JL. CharvelE, S. Chatto adhyaym,
S. Chattopadhyay™, A. Chauvi | V. Chelnokov], M. CherneyBY, C. Cheshkov3Z, B. Cheynierm

V. Chibante Barrosd®®, D.D. Chinellatd™2, S. Chd®Z, P. Chochuld®®, K. ChofZ¥], M. Chojnackif<],

S. Choudhury™3, P. Christakoglow®, C.H. Christenser®, P. Christiansen®, T. Chujo™=Z S.U. Chung®!

C. Cicald™ L. CifarellfZ2X20 F. Cindold™], J. Cleymans?, F. Colamarid®, D. Colelld8138] A Collue]

M. Coloccim, G. Conesa Balbastrem, Z. Conesa del Vallem, M.E. Connors@m, J.G. Contrerasﬂm,

T.M. Cormierm, Y. Corrales Moralem, I. Cortés Maldonadom, P. Cortesém, M.R. Cosentinom, F. Costam,
J. Crkovskam, P. Crochel[zz, R. Cruz AlbinoUIl, E. Cuautlém, L. Cunqueirdm’BE, T. Dahmm,

A. Dainesm, M.C. Daniscﬂm, A. Dam@, D. Dasmzt I. Dasum, S. Dasm, A. Daslm, S. Dash@z', S. Dm,
A. De Card®l, G. de Cataldd %], C. de Contf22, J. de Cuveland®>, A. De Falcd®, D. De GruttoldZ52 N. De
MarC(mZI, S. De Pasqualfpm, R.D. De Souzm, A. Deisj%%%]m, A. DeloﬂE, E. Déne, C. De lanom,

P. Dhankhe®® D. Di Bar3, A. Di Maurd®®], P. Di Nezzd™, B. Di Ruzzd™®] M.A. Diaz Corcheromﬂ,)

T. Dieteim, P. DillensegeIEE, R. Diviélm, A. Djuvslandm, A. Dobriﬂsm@, D. Domenicis Gimenez!mJ,

B. D6nigusm, 0. Dordidm, T. Drozhzhovaim, A K. Dubeym, A. Dublam, L. Ducrouxm, P. DupieuxEZ,

R.J. EhlersBZ, D. Elid[%] E. Endress™® H. EngeF4, E. Eppld32 B. ErazmusU3] 1. Erdemif®2], F. Erhardf3H,
B. Espagnoﬂzﬂ, M. Estiennm, S. Esumm, G. Eulissemf) J. Eunm, D. EvansmE, S. Evdokjmom,

G. Eyyubovam, L. Fabbiettm, D. FabrismE, J. Faivrem, A. Fantonim:l, M. Fasem, L. Feldkaggm,

A. Feliciellom, G. Feoﬁlovm, J. Ferencem, A. Fernandez Téllez!z', E.G. Ferreirouzu, A. Ferretti=¥,

A. Festant#m, V.J.G. FeuillardEIE, J. Figiem, M.A.S. Figueredom, S. FilchaginmID, D. Finogee\m,

FEM. Fiondd?2 E.M. Fiord®3), M. Floris®®! S. Foertsch®Z P. Fokd®2, S. Foki®, E. Fragiacomd™L)

A. Francescorpm, A. Franciscdm, U. Frankenfeldm, G.G. Fronzém, U. Fuch@, C. FurgetIE, A. Fursm,

M. Fusco Girardm, J.J. Gaardh;z)jem, M. Gagliardm, AM. Gagom, K. Ga'dosovam, M. Gallidm,

C.D. Galvalm, D.R. Gan adharanm, P. Ganotim, C. Gaom, C. Garabato@, E. Garcia—Solism, K. Gargm,

C. GargiuloBE, P. Gasikm&, E.F. Gaugerm, M. GermainUE, M. Gheatm, P. Ghoslm, S.K. Ghoshm,

P. Gianott@, P. Giubellinm, P. Giubilatdm, E. Gladysz—DziadusmEl, P. Gléssei%], D.M. Goméz Cora@,
A. Gomez Ramirezm, A.S. Gonzaleﬂm, V. Gonzaleﬂm, P. Gonzé]ez-Zamorepm, S. GorbunovEIl, L. Gﬁrlickm,
S. Gotovacm, V. Grabski@], O.A. Grachovm, L.K. Gracz kowskm, K.L. Grahanm, A. Grelli,

A. Grigorasm, C. Grigorasm, V. GrigorieVE, A. Grigoryan, S. Grigor arm, B. GrinyovB:l, N. GrionuID,

JM. Gronefeldm, J.E Grosse—Oetringhau@, R. Grosso==, L. Grube . F. Gubelm, R. Guernaném,

B. Guerzonﬂzu, K. Gulbrandsenm, T. Gunjm, A. Gupt'ﬁﬂ, R. Guptalm, 1.B. Guzmanm, R. Haakm,

C. Hadjidakis®¥ M. Haidud®®], H. Hamagak#ZZ, G. Hama/38!, J.C. HamorBZ, J.W. Harris3%, A. Hartorl2,

D. Hatzifotiadotm, S. Hayashm, S.T. HeckeiE, E. Hellb'aitlE, H. Helstruﬂm, A. Herghelegilm, G. Herrera

s

35



Higher harmonic flow at the LHC ALICE Collaboration

CorraﬂIl, F. Herrmamm, B.A. Hessm, K.F. Hetlandzm, H. Hillemannsm, B. Hippolytém, D. Horakm,

R. Hosokawam, P. Hristom, C. Hughesm, T.J. Humanicm, N. Hussait@, T. Hussaidlm, D. Hutterm,

D.S. Hwaném, R. Ilkaem, M. Inabam, E. Incanm, M. Ippolitovmm, M. Irfalm, V. IsakOVBE,

M. Ivanom, V. IVaDOVE, V. Izuchee\m, B.J acakm, N.J acazidZD, PM.J acobsm’j, MB.]J adhavm,

S. Jadlovskd L, J. Jadlovsky™ 6L, C. Jahnkd22!87] M. J. Jakubowskd 28], M.A. Janik[3&]

PH.S.Y.Ja arathnajm], C. Jeném, S. Jenm, R.T. Jimenez Bustamantém, PG. Jonem, A. Juskdm,

P. Kalinakﬁﬁ A. Kalweilm, J.H. Kangm, V. Kaplin'zu, S. Kalm, A. Karasu U saﬂ:m, 0. Karavichem,

T. Karavichevdm, L. Karayam, E. KarpechevEE, U. Kebschulﬂj, R. Keide . D.L.D. KeijdenmEzl,

M. Keiﬂzﬂ, M. Mohisin Khan, P. Khanm, S.A. Khalm, A. Khanzadee\m, Y. Kharlovm:ﬂ, A. Khatulm,
B. Kilend®™, D.W. KinP¥, D.J. Kim™Z, D. Kinf™®® H. Kin™, J.S. Kin2 J. Kin®, M. Kinf®, S, Kin2H,
T. Kim22, S Kirsch 1. KiseP2], S. Kiselev®®, A. Kisiel38), G. Kisd138 J.L. Klay®!, C. KleirP2, J. KleinB),
C. Klein-Bésingm, S. Klewinm, A. Klugém, M.L. Knichefm, A.G. Knosp . C. Kobdaﬁm,

M. Kofaragom, T. KolleggeIEzL A. Kolojvarm, V. Kondratiev34], N. Kondratyev@, E. KondratyukZ,

A. Konevskikﬂsm, M. KopcikIEU, M. Koulm, C. Kouzinopoulo@, 0. Kovalenkom, V. Kovalenk :

M. Kowalskm, G. Koyithatta Meethaleveedt@, L Krélik@, A. Kravéékov@, M. KrivdM, F. Krizekm,
E. KrysherB8188] M. Krzewick#, A M. Kuberd, V. Kugerd®! C. KuhiPZ, P.G. Kuije®, A. Kumaf®!

J. Kumalm, L. Kumam, S. KumaIEE, P. Kurashvilim, A. Kure ilm, A.B. Kurepinﬁﬁ, A. Kuryakirm,

M.J. KweonﬁZl, Y. KWOHEE, S.L.La Pointm, P. La Rocca=*, P. Ladron de GuevaraFm, C. Lagana
Fernandem, 1. LakomovBE, R. Langoym, K. Lapidum, C. LaraBIl, A. Lardeuxm, A. Lattucdm,

E. Laudﬁﬂ, R. Ledm, L. Leardini%:l, S. Leém, F. LehasBIl, S. Lehnelm, R.C. Lemmonm, V. Lentm,

E. Leo randém, I. Le6n Monzérm, H. Ledn Varga@, M. Leoncin&m, P. Lévam, S. Lm, X. LiﬂIl,

J. Lierﬁz, R. Lietavm, S. Lindam, V. Lindenstrutﬂaz', C. Lippmanﬂgﬂ, M.A. Lisdm, H.M. Ljunggrer@,
D.F. Lodatdsﬂ, PI. LoennéIE, V. Loginom, C. Loizidesm, X. LopeZE, E. Lopez Torre@, A. Lowem,

P. Luettigm, M. Lunardon‘zzl, G. Luparelldm, M. Lupi, T.H. LutzIE, A. Maevskayam, M. Magem,

S. Mahajanm, S.M. Mahmoodm, A. Mairém, R.D. MajkaEE, M. Malaem, 1. Maldonado Cervantesm,

L. Malinina, D. Mal’KevichE’m, P. Malzachem, A. Mamonovm, V. Mankdm, F. Mansom,

V. Manzarm, Y. Madﬂ, M. Marchisonm, J. Mare@, G.V. Margagliottim, A. Margottm,

J. Marguttim, A. Mam’dgz', C. Markerm, M. Marquardm, N.A. Martinm, P. Martinengom, ML Mam’nezm,
G. Martinez GarcfaEE, M. Martinez Pedreiram, A. Mam, S. Masciocchﬁﬂ, M. Maseram, A. Masonimu,

A. Mastroserio@, A. Matyjm, C. Mayelm, J. Mazerm, M. Mazzillﬂm, M.A. Mazzonm, F. Meddm,

Y. Melikyadzu, A. Menchaca-Rocham, E. Meninnom, J. Mercado Péreﬂm, M. Meresm, S. Mhlangdm,

Y. Miake2Z, M.M. MieskolainenfZ, K. MikhaylovRZ68] 1, MilandZB8] 1. MilosevidZ2, A. Mischkd®,

A.N. Mishremn, T. Mishrajm, D. Miékowiecm, J. Mitrm, C.M. Mitd@‘:l, N. Mohammad@, B. Mohantym,

L. Molnam, L. Montafio Zetinam, E. Montesum, D.A. Moreira De Godoym, L.AP. Morenom, S. Morettdzzl,
A. Morrealdd3] A, MorscH38!, V. Mucciford™, E. Mudnid®® D. MiihlheinP®, S. MuhurfB3, M. Mukherjed 23],
J.D. Mulliganm, M.G. Munhozm, K. Mﬁnniném, R.H. Munzem, H. Murakamm, S. Murraylm,

L. Musd®], J. Musinsky®H, B. Naik¥ R. Nail B.K. Nand#Z, R. Nanid %], E. Nappfl®! M.U. Narv™e!

H. Natal da Luzm, C. Nattrasm, S.R. Navarr(m, K. Nayakm, R. Nayakm, TK. NayakDE, S. Nazarenkm,
A. Nedosekinm, R.A. Negrao De Oliveiram, L. Nellenm, F. Ngmj, M. Nicassidgﬂ, M. Niculesa@,

J. Niedziel&®8], B.S. NielserB, S. NikolaevEZ, S. NikulifBZ, V. Nikulin®], F. Noferinfl22], P, NomokonovES]
G. Noorenm, J.C.C. Nori@, J. Normalm, A. Nyanirm, J. NystrandIsj, H. Oeschlelm, S. OH]E, S.K. Ohm,
A. OhlsorP& A. Okatan™, T. Okubd®™ J. OleniacZ3&], A.C. Oliveira Da Silvd2Z M.H. Oliver3%,

J. Onderwaatem, C. Oppedisandﬂz, R. OravaEIl, M. Oravecm, A. Ortiz Velas ueﬂm, A. Oskarssot@,

J. Otwinowskm, K. Oyamm, M. OzdemiIEE, Y. Pachma elm, D. Pagano&, P. Paganom, G. Paiém,
S.K. Pam, P. Palni[u, J. Palm, A K. Pandeym, V. Papik an%, G.S. PappalardOW, P. Pareekmn, W.J. ParkEz',
S. Parmatmn, A. Passfelcim, V. Paticchiom, R.N. Patr , B. Paum, H. Pefu, T. Peitzmannm, X. Penéﬂ,

H. Pereira Da Costam, D. Peresunkom’lzq E. Perez Lezamam, V. Peskovﬁﬂ, Y. Pestovm, V. Petrééekm,

V. Petrovl3], M. PetrovicBY, C. Pettd2] S. Piand™H, M. PikndZ, P. Pillo 3], L.O.D.L. Pimente 2,

0. Pinazzm, L. Pinsk}m, D.B. Piyarathnm, M. Ploskorm, M. Planinicm, J. Plutajm:[

S. Pochybovam, P.L.M. Podesta-Lermam, M.G. Poghosyanm, B. Polichtchoulm, N. Poljalm,

W. PoonsawatI8] A, Po;&n, H. Poppenborgm, S. Porteboeuf-HoussaisZ, J. PorterZ8], J. Pospisi@,

S.K. PrasadIl, R. Preghenellm, F. Prinom, C.A. Prunealm, I. Pshenichnovﬁl M. Puccio‘m, G. Puddlpzl,
P. Pujahari3, V. Punin®™ J. Putschkd3Z, H. Qvigstad®X, A. Rachevskill, S. Raha®, S. Rajpuf™), J. Rak23],
A. Rakotozaﬁndrabém, L. Ramellom, F. Ramm, R. Raniwaldm, S. Raniwalém, S.S. Réiséiner@,

B.T. Rascamﬁzl, D. Ratheem, I. Ravasengam, K.F. Readmm, K. Redlich‘zﬂ, R.J. Reedm, A. Rehmadm,

P. Reicheltm, F. Reidm, X. ReHIl, R. Renfordt'm, A.R. Reolonm, A. Reshetinm, K. Reyger@, V. Riabom,

36



Higher harmonic flow at the LHC ALICE Collaboration

R.A. Ricc#ﬂ, T. Richerlm, M. RichteIE, P. Riedlelm, W. Rie lexm, F. Ri im, C. Risteaﬂj, M. Rodriguez
Cahuantzp:l, A. Rodriguez Mansow, K. Rsz)edm, E. Rogochaya®™-, D. Roht**, D. Rdhriclm, F. Ronchettm,
L. Ronﬂettém, P. RosnetlTE, A. Rossm, F. Roukoutakism:l, A. Roym, C. Roym, P. Roymm, A.J. Rubio
Monterd@, R. Ru2Z, R. Russd®, E. RyabinkinfZ, Y. RyabovE® A. RybickiIZ, S. SaarinenfZ, S. Sadhu32],
S. Sadovsky™3 K. Safaifk2&! B. SahlmulleiS>, P. Sahod™®, R. Sahod®, S. Sahod® PX. Sahu®), J. Saini33],
S. Sakaim, M.A. Salelm, J. Salzwedem, S. Samb aim, V. Samsonom, L. §énd01m, A. Sandova@,

M. Sanom, D. Sarkarm, N. Sarkalm, P. Sarma®>, E. Sca aronm, F. Scarlassaram, C. Schiauam,

R. Schicke®®] C. Schmid®, H.R. Schmid3, M. Schmidf, S. Schuchmani98] J. Schukraf3],

Y. Schutzmm, K. Schwarzm, K. Schwedam, G. Sciolm, E. Scomparinm, R. Scottﬂzu, M. §eféﬂ<m:|,

J.E. SegeIBE, Y. Sekjguchm, D. Sekihat@, L SelyuzhenkO\M, K. Senosi, S. Senyukom,

E. Serradillajm’EE, A. Sevcencd@, A. Shabanovm, A. Shabetam, 0. Shadurdzl, R. Shaho aﬂ:@,

A. Shangarae\m, A. Sharmam, M. Sharma@, M. Sharmam, N. Sharmam, Al Shei K. Shigakm,

Q. ShouZ, K. ShtejeZ8] Y. Sibiriak®2, S. Siddhantd™, K.M. SielewicZ2%], T. SiemiarczukZ, D. Silvermy:&,
C. Silvestrem, G. Simatovicm, G. Simonettm, R. Singarajlm, R. Singhm:l, V. Singham, T. Sinhm,

B. Sita®, M. Sitt21, T.B. Skaal?Z, M. Slupeck#Z, N. Smirnov23Z R.J.M. SnellingE, T.W. Snellmar23],
J. Songm, M. Songm, Z. Songm, F. Soramefm, S. Sorenserm, F. Sozsz, E.S iritm, I.S utowskaﬂE,

M. Spyro oulou-Stassinakm, J. StacheiE, 1. Stat@, P. Stankusm, E. Stenlund==, G. Ste . J.H. Stillelm,
D. Stocccﬁm, P. Strmer®, A.A.P. SuaiddZZ T. Sugitaté®], C. SuirdSd, M. Suleymanovi®], M. SuljidZ],

R. Sultanov®Z, M. SumberdB, S. SumowidagddL, S. Swain, A. Szabd®, I. SzarkdEL,

A. SzczepankiewicﬂBE, M. Szymanskm, U. Tabassanpz’j, J. Takahashm, G.J. Tambavémj, N. Tanakm,
M. Tarhinf, M. Tarid™, M.G. Tarzil&, A. Taurd®®, G. Tejeda MufioZZ, A. Telescd®, K. Terasakil®,

C. Terrevoli, B. Teyssielm, J. Thédem, D. Thakum, D. Thomam, R. Tieulentm, A. Tikhonovm,

AR. TimminsuE, A. Toiam, S. Trogoldm, G. Trombettam, V. Trubnikovm, W.H. Trzaskam, T. Tsujm,

A. TumkinmID, R. Turrism, T.S. Tvete@, K. UllalandE:l, A. Uram, G.L. Usamj, A. UtrobicicED, M. Valam,
L. Valencia PalomOE, J. Van Der Maareim, J.W. Van Hoornémm, M. van Leeuwenm, T. VanalE, P. Vande
Vyvrém, D. Vargzmj, A. Vargasm, M. Vargyam, R. Varmaﬂz', M. Vasileiodzﬂ, A. VasilieVE, A. Vauthietm,
0. Vazquez Docm, V. Vechernilm, AM. Veerﬁz', A. Velurem, E. Vercellinm, S. Vergara Lim(’)rm,

R. Verne®®, L. VickovidIE, J. Viinikainen™, Z. VilakazfZ, O. Villalobos Baillid[™, A. Villatoro TelldZ,

A. Vinogradom, L. Vinogradovm, T. Virgilm, V. VislaviciuS4, Y.P. Viyogm, A. Vodopyanovm,

M.A. Vt’)lkﬁﬂ, K. Voloshinm, S.A. Voloshilm, G. Volpemm, B. von Hallem, I. Vorobyem,

D. VranidB8 J_ vrigkov#L B. Vulpescdz', B. Wagnem, J. Wagnem, H. Wangm, M. Wangm,

D. Watanabd2Z! Y. WatanabdZZ M. Webe2I4 5 G. Webe™, D.F. Weise2%], J.P. Wessels5e]

U. WesterhoffS&, A M. Whitehead®, J. Wiechuld2, J. WikndZZ, G. WilkZZ, J. Wilkinsor?%), G.A. Willems38],
M.C.S. Williams™®! B. Windelband®), M. Winr®8], S. Yalcif™J, P. YandZ, S. Yand®J, 7. YinZ,

H. Yokoyamam, 1.-K. Yoom, J.H. Yoodsz', V. Yurchenkdzl, A. ZaborowskdBE, V. Zaccolom, A. Zamanm,

C. Zampollm, H.J.C. Zanolm, S. Zaporozhet@, N. Zardoshtm, A. Zarochentsevm, P. Zévaddm,

N. Zaviyalo H. ZbroszezyKI38], 1.S. Zgurd®, M. Zhalov&, H. Zhe;%%ﬂﬂ, X. Zhang®@ Y, ZhandZ,

C. Zhan® Z. ZhandD, C. Zhad®Z, N. Zhigarevd®, D. ZhodD, Y. ZhouB3 Z. Zhou™l, H. ZhyBBWT, 3. Zh /OS]
A. Zichichim, A. Zimmermannm, M.B. Zimmermannm’BE, G. Zinovjevm, M. Zyzakm

Affiliation notes
i Deceased
ii Also at: Georgia State University, Atlanta, Georgia, United States
fii Also at: Also at Department of Applied Physics, Aligarh Muslim University, Aligarh, India
v Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics,
Moscow, Russia

Collaboration Institutes

Al Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
Benemérita Universidad Auténoma de Puebla, Puebla, Mexico

Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine

Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS),
Kolkata, India

5 Budker Institute for Nuclear Physics, Novosibirsk, Russia

California Polytechnic State University, San Luis Obispo, California, United States

O S

™

37



Higher harmonic flow at the LHC ALICE Collaboration

32
33
34
35
36
37
38
39
40

41
4
43

44
45
46

47
48
49
50
51
52
53
54
55
56
57

Central China Normal University, Wuhan, China

Centre de Calcul de I’IN2P3, Villeurbanne, France

Centro de Aplicaciones Tecnoldgicas y Desarrollo Nuclear (CEADEN), Havana, Cuba

Centro de Investigaciones Energéticas Medioambientales y Tecnoldgicas (CIEMAT), Madrid, Spain
Centro de Investigacién y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
Centro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”, Rome, Italy
Chicago State University, Chicago, Illinois, USA

China Institute of Atomic Energy, Beijing, China

Commissariat a I’Energie Atomique, IRFU, Saclay, France

COMSATS Institute of Information Technology (CIIT), Islamabad, Pakistan

Departamento de Fisica de Particulas and IGFAE, Universidad de Santiago de Compostela, Santiago de
Compostela, Spain

Department of Physics and Technology, University of Bergen, Bergen, Norway

Department of Physics, Aligarh Muslim University, Aligarh, India

Department of Physics, Ohio State University, Columbus, Ohio, United States

Department of Physics, Sejong University, Seoul, South Korea

Department of Physics, University of Oslo, Oslo, Norway

Dipartimento di Fisica dell’Universita 'La Sapienza’ and Sezione INFN Rome, Italy

Dipartimento di Fisica dell’Universita and Sezione INFN, Cagliari, Italy

Dipartimento di Fisica dell’Universita and Sezione INFN, Trieste, Italy

Dipartimento di Fisica dell’Universita and Sezione INFN, Turin, Italy

Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Bologna, Italy
Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Catania, Italy

Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Padova, Italy

Dipartimento di Fisica ‘E.R. Caianiello’ dell’Universita and Gruppo Collegato INFN, Salerno, Italy
Dipartimento di Scienze e Innovazione Tecnologica dell’Universita del Piemonte Orientale and Gruppo
Collegato INFN, Alessandria, Italy

Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy

Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy

Division of Experimental High Energy Physics, University of Lund, Lund, Sweden

Eberhard Karls Universitit Tiibingen, Tiibingen, Germany

European Organization for Nuclear Research (CERN), Geneva, Switzerland

Excellence Cluster Universe, Technische Universitdt Miinchen, Munich, Germany

Faculty of Engineering, Bergen University College, Bergen, Norway

Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia
Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague,
Czech Republic

Faculty of Science, P.J. Safarik University, KoSice, Slovakia

Faculty of Technology, Buskerud and Vestfold University College, Vestfold, Norway

Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt,
Germany

Gangneung-Wonju National University, Gangneung, South Korea

Gauhati University, Department of Physics, Guwahati, India

Helmbholtz-Institut fiir Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universitdt Bonn, Bonn,
Germany

Helsinki Institute of Physics (HIP), Helsinki, Finland

Hiroshima University, Hiroshima, Japan

Indian Institute of Technology Bombay (IIT), Mumbai, India

Indian Institute of Technology Indore, Indore (II'TI), India

Indonesian Institute of Sciences, Jakarta, Indonesia

Inha University, Incheon, South Korea

Institut de Physique Nucléaire d’Orsay (IPNO), Université Paris-Sud, CNRS-IN2P3, Orsay, France
Institut fiir Informatik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

Institut fiir Kernphysik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany
Institut fiir Kernphysik, Westfalische Wilhelms-Universitidt Miinster, Miinster, Germany

Institut Pluridisciplinaire Hubert Curien (IPHC), Université de Strasbourg, CNRS-IN2P3, Strasbourg,

38



Higher harmonic flow at the LHC ALICE Collaboration

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109

France

Institute for Nuclear Research, Academy of Sciences, Moscow, Russia

Institute for Subatomic Physics of Utrecht University, Utrecht, Netherlands

Institute for Theoretical and Experimental Physics, Moscow, Russia

Institute of Experimental Physics, Slovak Academy of Sciences, KoSice, Slovakia

Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
Institute of Physics, Bhubaneswar, India

Institute of Space Science (ISS), Bucharest, Romania

Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Mexico City, Mexico
Instituto de Fisica, Universidad Nacional Auténoma de México, Mexico City, Mexico
iThemba LABS, National Research Foundation, Somerset West, South Africa

Joint Institute for Nuclear Research (JINR), Dubna, Russia

Konkuk University, Seoul, South Korea

Korea Institute of Science and Technology Information, Daejeon, South Korea

KTO Karatay University, Konya, Turkey

Laboratoire de Physique Corpusculaire (LPC), Clermont Université, Université Blaise Pascal,
CNRS-IN2P3, Clermont-Ferrand, France

Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3,
Grenoble, France

Laboratori Nazionali di Frascati, INFN, Frascati, Italy

Laboratori Nazionali di Legnaro, INFN, Legnaro, Italy

Lawrence Berkeley National Laboratory, Berkeley, California, United States

Moscow Engineering Physics Institute, Moscow, Russia

Nagasaki Institute of Applied Science, Nagasaki, Japan

National Centre for Nuclear Studies, Warsaw, Poland

National Institute for Physics and Nuclear Engineering, Bucharest, Romania

National Institute of Science Education and Research, Bhubaneswar, India

National Research Centre Kurchatov Institute, Moscow, Russia

Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

Nikhef, Nationaal instituut voor subatomaire fysica, Amsterdam, Netherlands

Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom

Nuclear Physics Institute, Academy of Sciences of the Czech Republic, ReZ u Prahy, Czech Republic
Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States

Petersburg Nuclear Physics Institute, Gatchina, Russia

Physics Department, Creighton University, Omaha, Nebraska, United States

Physics Department, Panjab University, Chandigarh, India

Physics Department, University of Athens, Athens, Greece

Physics Department, University of Cape Town, Cape Town, South Africa

Physics Department, University of Jammu, Jammu, India

Physics Department, University of Rajasthan, Jaipur, India

Physik Department, Technische Universitdt Miinchen, Munich, Germany

Physikalisches Institut, Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany

Purdue University, West Lafayette, Indiana, United States

Pusan National University, Pusan, South Korea

Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir
Schwerionenforschung, Darmstadt, Germany

Rudjer Boskovi¢ Institute, Zagreb, Croatia

Russian Federal Nuclear Center (VNIIEF), Sarov, Russia

Saha Institute of Nuclear Physics, Kolkata, India

School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
Seccion Fisica, Departamento de Ciencias, Pontificia Universidad Catélica del Perd, Lima, Peru
Sezione INFN, Bari, Italy

Sezione INFN, Bologna, Italy

Sezione INFN, Cagliari, Italy

Sezione INFN, Catania, Italy

Sezione INFN, Padova, Italy

39



Higher harmonic flow at the LHC ALICE Collaboration

10 Sezione INFN, Rome, Italy

1 Sezione INFN, Trieste, Italy

112 Sezione INFN, Turin, Italy

113 §SC IHEP of NRC Kurchatov institute, Protvino, Russia

114 Stefan Meyer Institut fiir Subatomare Physik (SMI), Vienna, Austria

115 SUBATECH, Ecole des Mines de Nantes, Université de Nantes, CNRS-IN2P3, Nantes, France

116 Suranaree University of Technology, Nakhon Ratchasima, Thailand

17 Technical University of Kogice, Kogice, Slovakia

118 Technical University of Split FESB, Split, Croatia

119 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland

120 The University of Texas at Austin, Physics Department, Austin, Texas, USA

121 Universidad Auténoma de Sinaloa, Culiacdn, Mexico

122 Universidade de Sdo Paulo (USP), Sdo Paulo, Brazil

123 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil

124 University of Houston, Houston, Texas, United States

125 University of Jyviskyld, Jyviskyli, Finland

126 University of Liverpool, Liverpool, United Kingdom

127 University of Tennessee, Knoxville, Tennessee, United States

128 University of the Witwatersrand, Johannesburg, South Africa

129" University of Tokyo, Tokyo, Japan

130 University of Tsukuba, Tsukuba, Japan

131 University of Zagreb, Zagreb, Croatia

132 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, France

133 Universita di Brescia

134y, Fock Institute for Physics, St. Petersburg State University, St. Petersburg, Russia

135 Variable Energy Cyclotron Centre, Kolkata, India

136 'Warsaw University of Technology, Warsaw, Poland

137 Wayne State University, Detroit, Michigan, United States

138 Wigner Research Centre for Physics, Hungarian Academy of Sciences, Budapest, Hungary

139 Yale University, New Haven, Connecticut, United States

140 yonsei University, Seoul, South Korea

141" Zentrum fiir Technologietransfer und Telekommunikation (ZTT), Fachhochschule Worms, Worms,
Germany

40



	1 Introduction
	2 Experimental setup
	3 Event sample, track selection and particle identification
	3.1 Trigger selection and data sample
	3.2 Track selection
	3.3 Identification of , K and p+p

	4 Analysis technique
	4.1 Scalar Product method
	4.2 Estimation of non-flow correlations

	5 Systematic uncertainties
	6 Results and discussion
	6.1 Centrality dependence of flow harmonics
	6.2 Evolution of flow harmonics in ultra-central Pb–Pb collisions
	6.3 Mass ordering
	6.4 Test of scaling properties
	6.5 Comparison with models
	6.5.1 Comparison with iEBE-VISHNU
	6.5.2 Comparison with AMPT


	7 Conclusions
	A Additional figures
	A.1 Integrated vn
	A.2 NCQ scaling
	A.3 KET scaling

	B The ALICE Collaboration

