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Abstract

The azimuthal anisotropy of particles associated with jets (jet particles) at midrapidity is measured
for the first time in p—Pb and Pb—Pb collisions at \/sxy = 5.02 TeV down to transverse momentum
(pt) of 0.5 GeV/c and 2 GeV/c, respectively, with ALICE. The results obtained in p—Pb collisions
are based on a novel three-particle correlation technique. The azimuthal anisotropy coefficient v,
in high-multiplicity p—Pb collisions is positive, with a significance reaching 6.8c at low pr, and its
magnitude is smaller than in semicentral Pb—Pb collisions. In contrast to the measurements in Pb—Pb
collisions, the v, coefficient is also found independent of pr within uncertainties. Comparisons
with the inclusive charged-particle v, and with AMPT calculations are discussed. The predictions
suggest that parton interactions play an important role in generating a non-zero jet-particle v, in p—Pb
collisions, even though they overestimate the reported measurement. These observations shed new
insights on the understanding of the origin of the collective behaviour of jet particles in small systems
such as p—Pb collisions, and provide significant stringent new constraints to models.
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1 Introduction

The study of ultrarelativistic heavy-ion collisions aims to investigate the properties of strongly-interacting
matter characterised by high energy density and temperature, known as the quark—gluon plasma (QGP) [11,
2]]. In non-central collisions, the initial spatial anisotropy of the overlap region of the colliding nuclei is
converted into an anisotropy in momentum space via interactions among the medium constituents. The
final-state anisotropies are quantified by the coefficients (v,) of a Fourier decomposition of the azimuthal
(@) distribution of produced particles [3} 4]:
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where pr is the transverse momentum and ¥, is the azimuthal angle of the symmetry plane for the n™
harmonic. Measurements of the v, coefficients are expected to provide information on the initial state
and the transport properties of the produced medium. The dominant coefficient is the second Fourier co-
efficient v;, referred to as the elliptic flow [4], 5], which provides information on the collective expansion
of the medium at low pt [6] and the path-length dependence of medium-induced parton energy loss at
high pr [[7,18].

Collisions of small systems such as proton—nucleus are studied in detail to characterise the cold nuclear
matter (CNM) effects which are also present in heavy-ion collisions, providing critical information for
understanding QGP properties. These CNM effects influence parton distribution functions [9]], induce
Cronin-like effects [[10]], and cause energy loss [[11]. As in heavy-ion collisions, a significant v, was
observed in p—Pb collisions for soft as well as hard probes, such as open heavy-flavour hadrons [12, [13]],
quarkonia [14} [15]], and high-pt charged hadrons [[16} [17]]. A positive v, was also reported for charged
particles [18H22] and muons from charm-hadron decays [23[] in pp collisions, while the v, of muons
from beauty-hadron decays was consistent with zero [23|]. The observation of a non-zero v, in small
collision systems raised the question whether small-size QGP droplets are formed in these conditions.
However, the particle yields at high pt in p—Pb collisions are found to be unmodified within uncertainties
compared to the same measurements in pp collisions, scaled by the number of binary nucleon—nucleon
collisions [17, 24-29]]. Such an observation indicates that final-state effects are not significant in small
collision systems. Therefore, alternative scenarios have been proposed, including color exchange in the
final state [30], initial-state effects due to gluon saturation [31H33|], or anisotropic escape of partons from
the surface of the interaction zone [34]].

This paper reports the first measurements of the pr-differential v, of jet particles (particles associated
with jets) at midrapidity in high-multiplicity p—Pb collisions and semicentral Pb—Pb collisions at ,/sNN =
5.02 TeV with ALICE. The jet-particle v, measured down to lower pt compared to the v, of reconstructed
jets is of particular interest since it is clearly separated from particles from soft processes. These results
are compared with inclusive charged-particle v, measurements in both p—Pb and Pb—Pb collisions, as
well as with previous results of the v, of reconstructed jets in Pb—Pb collisions at /sy = 2.76 TeV [33].
Comparisons with A MultiPhase Transport (AMPT) model predictions [36, 37] are also discussed.

The article is organised as follows. Section [2] presents the ALICE apparatus with an emphasis on the
detectors used in the analysis and the data taking conditions. The analysis strategy and the estimation
of systematic uncertainties are described in Section[3] Section [ presents the results for jet particles and
inclusive charged particles measured in p—Pb and Pb—Pb collisions as well as comparisons with AMPT
model calculations in p—Pb collisions. Concluding remarks are drawn in Section [5

2 Experimental apparatus and data samples

The analysis is performed on the p—Pb and Pb—Pb data collected with the ALICE detector in 2016 and
2015, respectively. In p—Pb collisions, the asymmetry of the proton and Pb beam energies results in



Azimuthal anisotropy of jet particles in p—Pb and Pb—Pb collisions ALICE Collaboration

a rapidity shift of the nucleon—nucleon centre-of-mass by 0.465 in the direction of the proton beam
with respect to the laboratory frame. In the following, the pseudorapidity 1 values correspond to the
laboratory frame. A detailed description of the detector and its performance is given in Refs. [38} [39].
The analysis is based on tracks reconstructed using the Time Projection Chamber (TPC) [40] located
inside a large solenoidal magnet with a 0.5 T field parallel to the LHC beam direction and covering || <
0.9. Information from the Inner Tracking System (ITS) [41] is used to improve the spatial and momentum
resolution of the reconstructed tracks. The Silicon Pixel Detector (SPD) [41} 42], comprising the two
innermost layers of the ITS covering |n| < 2.0 and || < 1.4, is employed together with the TPC to
determine the position of the primary interaction vertex. The Forward Multiplicity Detector (FMD) [43]]
consists of three sets of silicon strip sensors, covering —3.5 <1 < —1.7 (FMD3) and 1.7 < n <5
(FMD1,2). The FMD is used in p—Pb collisions for the event selection and to extract the v, coefficient
via long-range three-particle correlations. The VO detector, formed by two scintillator arrays covering
—3.7<n < —1.7(VOC) and 2.8 < n < 5.1 (VOA), is used for triggering, event characterisation and
centrality determination [44]]. Two sets of Zero Degree Calorimeters (ZDC) [139]], located at +112.5 m
from the nominal interaction point along the beam line, are also used for the event selection.

The analysis of the p—Pb and Pb—Pb samples is based on events selected by a minimum bias (MB) trigger.
The MB trigger is provided by the coincidence of signals in the two VO scintillator arrays. Pile-up events
are removed based on an event selection which uses the information from the VO and SPD to tag events
with multiple vertices. The beam-induced background is reduced offline by exploiting the VO and ZDC
timing information. In addition, in p—Pb collisions, the correlation between the multiplicity measured in
the FMD and VO is used to further remove contamination from beam-induced background and outliers
in the FMD multiplicity distribution. Only events with a primary vertex along the beam axis, zyt, within
£10 cm from the nominal interaction point are considered. About 526 million p—Pb and 60 million
Pb—Pb events passed the event selection criteria. In Pb—Pb collisions, the centrality classes are defined
as percentiles of the Pb—Pb hadronic cross section, and determined using the total energy deposited in
the VO arrays [45]. The p—Pb data sample is divided into several multiplicity classes based on the energy
deposited in the VOA scintillators, located in the Pb-going direction [45]]. In the p—Pb analysis, only the
high-multiplicity class 0-10% and the low-multiplicity class 60—100% are studied. The measurements
in Pb—Pb collisions are presented in the 20-60% centrality interval.

Reconstructed charged-particle tracks are selected by applying the standard conditions given in Refs. [46-
48]]. They concern the number of space points and the quality of the track fit in the TPC, and the distance
of closest approach to the primary vertex. Tracks are selected with pr > 0.5 GeV/c and |n| < 0.8 in both
p—Pb and Pb-Pb collisions. Hits in the FMD are measured in the 1 regions limited to —3.2 <n < —1.8
and 1.8 < n < 4.8.

3 Data analysis

The procedure developed to calculate the jet-particle v, is detailed in Ref. [48]]. The jet-particle v, mea-
surement consists of four main parts: i) construction of the two-particle (charged particles at midrapidity
regarded as trigger and associated particles) correlation function, ii) extraction of the near-side jet peak
(the signal) and background yields containing also the away-side jet yields, by fitting the two-particle
correlation function, iii) calculation of the v, of particle pairs represented by the trigger particles us-
ing three-particle correlations in p—Pb collisions, for the first time, and the scalar product method with
the three-subevent technique in Pb—Pb collisions, and iv) extraction of the v, of jet particles, in given
trigger- and associated-particle pr intervals, using a two-component fit function that takes into account
the relative contribution from both jets and background to the particle-pair v,.



Azimuthal anisotropy of jet particles in p—Pb and Pb—Pb collisions ALICE Collaboration

ALICE 3< p‘Trig <5GeV/c ALICE 3< p‘Trig <5GeV/c
p-Pb, \[s,, = 5.02 TeV L<pise< ptT”g GeVic p-Pb, |[s,, = 5.02 TeV 1< pase< p'T”g GeV/c
VOA: 0-10% ‘ VOA: 0-10%

Y (rad?
Y (rad™®

2 2
S S
s W
0 N \ RSN \
ALICE 3< p‘Trig <5GeVic ALICE 3< p‘T”g <5GeVic
p-Pb, \[s, = 5.02 TeV 1<pase < pjg GeV/c p-Pb, |[s, = 5.02 TeV 1<pasee < p‘Trig GeVic
VOA: 0-10% VOA: 0-10%

Y (rad?

a1 R

Figure 1: Top: raw associated yield per trigger particle Y (left) as a function of An and A¢ for pairs of charged
particles measured in || < 0.8 with 3 < ptT“g <5GeV/cand 1 < p§*°° < ptTrlg GeV/c in high-multiplicity (0-10%)

p—PDb collisions at /sy = 5.02 TeV, and fit of the distribution (right). Bottom: extracted jet-particle (left) and
background (right) yields.

3.1 Extraction of the near-side jet and background contributions

The two-dimensional correlation function is constructed as a function of the azimuthal angle difference
(A@) and pseudorapidity difference (An) between trigger and associated particles (see Refs. [14,
and references therein). Only pairs of particles with the same electric charge are considered to suppress
correlations originating from resonance decays. The pr of trigger particles (ptTng) is taken to be larger
than that of associated particles (p5°°°) to avoid double counting of pairs. The correlation distribution
is corrected for the limited two-particle acceptance and detector inhomogeneities by using the event-
mixing technique [50], and normalised to the total number of trigger particles. Therefore, the correlation
function is expressed in terms of the associated yield per trigger particle Y as

_ 1 dNygsoc _ SE(AN,Ae) 2)
Nuig dAndA@  ME(An,A@)’

where Ny, is the total number of trigger particles in a given event class. The signal distribution SE(An,A@),
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iven by —— ——————, corresponds to the associated yield per trigger particle for particle pairs from the
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2
M
d A (IinA(p is obtained by correlating trig-

ger particles in an event with associated particles from other events of same event class. The o factor is
introduced to normalise the background distribution to unity in the region of maximum pair acceptance.

The same strategy is employed in Pb—Pb collisions.

same event, and the background distribution ME (An,A¢@) =

Figure [I] (top-left) shows a typical example of the two-dimensional correlation distribution in high-
mult1p11c1ty (0-10%) p—Pb collisions at \/syy = 5.02 TeV for 3 < pmg <5 GeV/c and 1 < p§¥° <

Dr M GeV/e. A near-side jet structure is clearly observed at (A¢ ~ 0,An ~ 0) on top of the background.
The distribution is fitted with a double Gaussian and a sum of Fourier harmonics up to the fifth order [[51]]
(Fig.|1} top-right). The former is used to extract the near-side jet-peak yield (Fig. |1} bottom-left), and the
latter serves to obtain the background yield (Fig.[I} bottow-right).

Similar typical distributions are also depicted in Fig. [2] for semicentral (20-60%) Pb-Pb collisions at
V3NN = 5.02 TeV for pairs of charged particles measured in |n| < 0.8 with 5 < ptTrlg < 6 GeV/c and

2 < paSSOC < p'® GeV/c in semicentral (20-60%) Pb—Pb collisions at \/sxn = 5.02 TeV. A near-side jet
structure is also clearly observed at (A¢ ~ 0,An ~ 0) on top of the background which is as expected,
more important than in p—Pb collisions.

3.2 Determination of the v, coefficient of particle pairs

In the p—Pb analysis, the v, of particle pairs, v2(A@,An), is computed by using long-range three-particle
correlations. The trigger particles in particle pairs for a given (A@,An) cell are correlated with particles
selected in 1.8 < 1 < 4.8 using FMD1,2 to construct the long-range correlation distribution as a function
of their azimuthal angle difference (A@’) and pseudorapidity difference (An’). Nonflow contributions,
such as dijets, are suppressed by subtracting the scaled (A¢’,An’) correlation functions measured in
low-multiplicity (60—100%) collisions following the procedure described in Refs. [19, 49| 52]], where
the scaling factor is the ratio of the away-side jet yield in high-multiplicity collisions to that in low-
multiplicity collisions. For each A@’ interval, the An’ distribution in the —5.6 < An’ < —1.0 range is
integrated using a first-order polynomial fit to reduce the statistical fluctuations at the edges of An’ [52].
This A’ distribution is fitted with a Fourier series parameterised with the first three harmonics as

dN

3 3
w =ao(Ap,AN)+2 Z an(A@,An)cos(nA@') o< 1+2 Z Voa(A@,An)cos(nA@'). 3)

n=1 n=1

The Voa(A@,An) second-order Fourier coefficient is extracted from the fit parameters and is further ex-
pressed relative to the baseline. The latter is estimated from the integral in A@’ of the scaled correlation
distribution in the low-multiplicity class around the minimum. The procedure is repeated for each pr in-
terval of trigger and associated charged particles. Figure[3|shows an example of the per-trigger associated
yield as a function of A’ and A¢’ for 3 < pmg <5GeV/e, 1 < pF*c < ptflg GeV/e, —0.9 < An < —-0.7
and 3.7 < Ag < 4.2 in high-multiplicity (top-left) and low-multiplicity (top-right) p—Pb collisions. The
per-trigger associated yield in high-multiplicity p—Pb collisions after the subtraction of the scaled corre-
lation distribution in the low-multiplicity class and the fit of the corresponding distribution with Eq. (3))
are displayed in the bottom-left and bottom-right panels, respectively.

Assuming that Vo5(A@,An) can be factorised as the product of single-particle v, coefficients, the v,
of particle pairs represented by trigger particles (v2(A@,An)) is expressed as the ratio between the
Voa(A@,An) and the v, of particles in FMD1,2 (v gMDl 2) The v FMDI 2 is obtained with the three-subevent
technique [53[] by constructing long-range two-particle correlatlons between trigger and associated par-

ticles in TPC-FMD1,2, TPC-FMD3 and FMD1,2-FMD3 [54]. If the factorisation holds, the V5™
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Figure 2: Top: raw associated yield per trigger particle Y (left) as a function of An and A¢ for pairs of charged
particles measured in |1 | < 0.8 with 5 < ptT“g <6 GeV/cand 2 < p§¥°° < ptTrlg GeV/c in high-multiplicity (0-10%)
Pb—Pb collisions at /sy = 5.02 TeV, and fit of the distribution (right). Bottom: extracted jet-particle (left) and

background (right) yields.

which is given by

VFMDI ,2—FMD3 VTPC—FMD] 2
vFMDl 2 2A 2A

4)
2 TPC_FMD3 , (
Voa

amounts to 0.028 (with negligible uncertainties) in the 0—10% high-multiplicity class p—Pb collisions.
The effect of the contamination of secondary particles is discussed in Section [3.3]

In Pb—Pb collisions, the v, (A@, An) coefficient is extracted from the scalar product method via the three-
subevent technique [55}56]]. The method correlates particle pairs measured in the TPC with the second-
order event flow vector Q;’OA estimated from the azimuthal distribution of the energy deposited in the
VOA. Therefore, the resulting v2(A@,An) is defined as

VOA+ _(yVOC\ /(yVOA _ ()SPDx
v2(A@,AN) = (ua(A@,AN) - QYN ) e / \/ 2 <3$oc>_<§;%m>Q2 3 5)
2 2

where u(A@,An) is the unit flow vector of each particle measured in the TPC. The second-order har-
monic event flow vectors QXOC and QgPD measured in the VOC and SPD, respectively, are introduced

6
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Figure 3: Top: example of the associated yield per-trigger particle Y in TPC-FMD1,2 correlations as a function of
An' and A¢’ for |n| < 0.8 with 3 < pT'® < 5GeV/c, 1 < p¥¥° < pr'® GeVie, —0.9 < An < —0.7 and 3.7 < A <
4.2 in high-multiplicity (left) and low-multiplicity (right) p—Pb collisions at ,/snn = 5.02 TeV. Bottom: associated
per-trigger yield after the subtraction of the scaled correlation distribution in low-multiplicity collisions(left)and fit
of the distribution projected onto A¢’ with Eq. .

to take into account the resolution of the event flow vector QXOA. The symbol * represents the complex
conjugate and the bracket (...)rpc_tpc denotes the average over charged-particle pairs in a given pr in-
terval for trigger and associated particles, and centrality range. The brackets in the denominator denote
the average over all events in a centrality class containing the particle pair. A recentering procedure is
applied to correct the event flow vectors for the non-uniform azimuthal acceptance effects of the corre-
sponding detectors [57]. The pseudorapidity gaps between the TPC and VOA, and the VOA, VOC, and
SPD detectors suppress nonflow effects [47]] and eliminate autocorrelations [38]].

In both p—Pb and Pb-Pb collisions, the v2(Ag,An) can be written [58,59] as the weighted sum of the v,
of jet particles (v} ™) and background (v (A@)), as

S(A(paAn) jet part B(A(PaAn) VZB (A(P) (6)
AQ,AN)+B(Ap,An) 2 S(A@,An) +B(Ag,An) ’

VZ(A(pJAn) = S(

where the jet-particle S(A@,An) and background B(A@,An) yields are extracted from the two-particle
correlation functions constructed in the TPC. The v} P coefficient is obtained by parametrising v5 (Ag)

with a Fourier series up to the fifth order and fitting Eq. @ to the measured v, (A@,An) distributions in
a given pr interval for trigger and associated particles.
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An example of the measured v,(A¢p,An) distribution of particle pairs measured in p—Pb collisions at
VNN = 5.02 TeV for 3 < ptTrig <5GeV/cand 1 < p§5° < ptTrig GeV/c is depicted in Fig. EI (top-left),
where a different structure is clearly seen in the region around the near-side jet peak (Ap ~ 0,An ~ 0)
compared to the background-dominated region. This is a first indication of a different behaviour for v, of

jet and background particles. A similar structure is also visible in Pb—Pb collisions at /sy = 5.02 TeV
for 5 < pr® < 6 GeV/c and 2 < p¥%° < p'® GeV/e (Fig. Ié—_ll bottom-left). The corresponding fits with

Eq. (6) are shown in Fig. [ (right panels).
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Figure 4: Left: v,(A@,An) distributions of charged particles measured at midrapidity in high-multiplicity (0
10%) p—Pb collisions at ,/sny = 5.02 TeV (top) and semicentral (20-60%) Pb—Pb collisions at ,/snn = 5.02 TeV

(bottom). Right: fits fo the two corresponding distributions in p—Pb (top) and Pb—Pb (bottom) collisions. The pffig

and p7°°° intervals are mentioned in the legend.

For comparison, the v, coefficient of inclusive charged particles, vgh is also computed. In p—Pb collisions,

it is evaluated using the three-subevent technique by constructing long-range two-particle correlations,
FMDI1,2 . .

as done for the v, '~ calculation, and is expressed as

TPC—FMD1 2y, TPC—FMD3
ch_ | Vaa Voa

VFMD172—FMD3 : %)
2A
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In Pb—Pb collisions, the vgh is determined using the scalar product method with the three-subevent tech-
nique (see Eq. (3)).

3.3 Estimation of systematic uncertainties

Details of the separate contributions to the systematic uncertainties are given in Ref. [48]. The values
assoc

for both jet particles in a representative p3>*°° interval and inclusive charged particles in p-Pb and Pb—Pb
collisions are summarised in Tables|l|and [2| respectively.

Table 1: Systematic uncertainties on the jet-particle v, for p§*°¢ > 0.5 GeV/c and the inclusive charged-particle
v in high-multiplicity (0-10%) p—Pb collisions at \/syn = 5.02 TeV. The systematic uncertainties vary within the
indicated intervals depending on the pt of trigger particles.

Source Jet particles Charged particles
P >0.5 GeV/e

Vertex selection 0.6-14.6% 0.02-1.30%

FMD-VO correlation | 0.1-7.9% 0.1-0.2%

Track selection 0.3-3.6% 0.0-2.2%

Secondaries in FMD | 4% 4%

Residual nonflow 0.1-5.4% 0.1-13.2%

Remaining ridge 6.5-29.0% 0.7-20.7%

v, calculation 4.5-11.7% 0.7-1.5%

Total 11.2-34.3% 4.4-25.3%

The jet-particle and inclusive charged-particle v, measurements in p—Pb collisions are affected by the
following systematic uncertainties. The variation of the range of zyx and a less stringent condition on
the correlation between the multiplicity estimates obtained with the FMD and VO, give the systematic
uncertainties related to the event selection. The uncertainty on the track reconstruction is estimated by
modifying the track selection criteria. The bias due to the contribution of secondary particles produced
in the FMD acceptance on the jet-particle v; is investigated in AMPT simulations [36} 37, 160]]. In order
to check for residual nonflow effects after the subtraction of the scaled low-multiplicity event class,
the template fitting procedure [19] is tested. The difference between the two procedures is considered
as a systematic uncertainty. A potential bias resulting from weak long-range correlations present in
60-100% low-multiplicity events is studied by changing the interval from 60-100% to 70-100%. A
systematic effect arises from the procedure employed for the A¢’. The A¢’ projection in Eq. is
obtained from a constant fit instead of using a first-order polynomial fit along each An’ interval. Finally,
the baseline is also calculated in high-multiplicity collisions from the integral or from a second-order
polynomial fit around the minimum at A@’ ~ 7/2. The last two sources are the systematic uncertainty on
the v, calculation. The aforementioned sources are added in quadrature in each pr interval of trigger and
associated particles to obtain a total systematic uncertainty on the jet-particle v, in the range 11.2-34.3%.
The total systematic uncertainty on the inclusive charged-particle which depends on the trigger-particle
P, 18 4.4-25.3%.

In Pb—Pb collisions, in addition to the systematic uncertainties arising from the variation of the zy range
and track selection criteria listed for p—Pb collisions, a systematic uncertainty related to the centrality
determination is estimated by using different centrality estimators. The systematic effect related to the
pile-up event rejection is assessed via a dedicated analysis where pile-up events are not removed, only
to estimate their importance. The event flow vector is computed by using VOC instead of VOA. All the
systematic uncertainties are added in quadrature to obtain the total systematic uncertainty ranging from
1.6-10.1% and 0.02-7.30% for the jet-particle v, and inclusive charged-particle v, respectively.
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Table 2: Systematic uncertainties on the jet-particle v, for p§*°° > 2.0 GeV/c and the inclusive charged-particle

v in semicentral (20-60%) Pb—Pb collisions at /snn = 5.02 TeV. The systematic uncertainties vary within the
indicated intervals depending on the p of trigger particles.

Source Jet particles Charged particles
PE° > 2 GeVle
Vertex selection | 0.6-5.3% 0-5.3%
Pile-up 0.01-3.60% 0-2.7%
Centrality 0.3-1.4% 0-1.8%
Flow vector 0.3-1.4% 0-4.2%
Track selection | 0.8-4.5% 0.01-1.80%
Total 1.6-7.3% 0.02-7.30%
N
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Figure S: Jet-particle v, as a function of the trigger-particle pr for several p7*°° intervals in 0-10% p-Pb colli-
sions at /syN = 5.02 TeV, compared with the inclusive charged-particle v>. The values of the jet-particle v are
horizontally shifted around the centre of the bin for better visibility. The statistical uncertainties, shown as vertical
bars, are determined using the sub-sample technique. The systematic uncertainties are represented as filled boxes.
Horizontal bars indicate the bin width.

4 Results and model comparisons

assoc

Figurepresents the v, of jet particles as a function of pr at midrapidity (|| < 0.8) for different p§
intervals, in high-multiplicity (0—10%) p—Pb collisions at /sy = 5.02 TeV. The pr-differential inclusive
charged-particle v, coefficient is also displayed. A positive jet-particle v, of ~ 0.04 is measured and it
is independent of the pr of trigger and associated particles within uncertainties. The significance is 2.6—
6.80 for pr <5 GeV/e, depending on both the pt of trigger and associated particles. In contrast, the v,
of inclusive charged particles which mostly originates from the underlying event, is larger in magnitude
and presents a clear dependence on pr. This constitutes the first experimental evidence of different
mechanisms in play for the v, of soft and hard probes at low pt in p—Pb collisions.

The jet-particle v, and the inclusive charged-particle v, are also measured in semicentral (20-60%)
Pb—Pb collisions at /sny = 5.02 TeV, as shown in Fig. @ The published v, of reconstructed jets mea-
sured in 30-50% Pb-Pb collisions at \/snn = 2.76 TeV [35] is also displayed, extending the presented
measurements up to pt = 90 GeV/c. A positive jet-particle v, is measured for the first time in the low
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pr region, down to pr = 2 GeV/c. The jet-particle v, does not exhibit any dependence on the associated
pt, while it decreases with increasing pt from pt ~ 3 GeV/c, and converges towards the v, of inclusive
charged particles for pr = 7 GeV/c. In the high pr region (pr 2 10 GeV/c), the uniform behaviour of
the inclusive charged-particle v, and jet v, as a function of pr is attributed to the path-length dependent
parton energy loss in Pb—Pb collisions [46]. It can be noted that in this region, the jet-particle v; is
consistent with the reconstructed jet v,. In the interval 2 < pr < 6 GeV/e, the clear pr dependence of
the jet-particle v, in Pb—Pb collisions may be attributed to the interplay between hard partons and bulk
particles.

~ 04

> E  ALICE, Pb-Pb, s, =5.02 TeV [ 0 ] incl. charged-particle v,
0.35 = VOM: 20-60% Jet-particle v,
03 = [o] p2e > 2.0 GeVlc
~E [e] p2eee > 3.0 GeVic
O 25i E pissoc > 5.0 GeV/c
= L ALICE, Pb=Pb {5, = 2.76 TeV, 30-50%
0.2 P o Phys. Lett. B 753 (2016) 511-525
: - ER e
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Figure 6: Jet-particle v, as a function of the trigger-particle prt for several p7°°® intervals in 20-60% Pb-Pb
collisions at y/snn = 5.02 TeV, compared with the inclusive charged-particle v,. The values of the jet-particle v,
are horizontally shifted around the centre of the bin for better visibility. The statistical uncertainties, shown as
vertical bars, are determined using the sub-sample technique. The systematic uncertainties are represented as filled
boxes. Horizontal bars indicate the bin width. The published v, of reconstructed jets measured in 30-50% Pb-Pb
collisions is also shown [35]].

The comparison of the v, results obtained in p—Pb (0-10%) and Pb-Pb (20-60%) collisions for jet
particles and inclusive charged particles is discussed in Fig. 7, Since no significant dependence on p3**°°
is evidenced for jet particles (see Figs.[5|and|[6)), the results are shown for the p7™** interval which allows
us to cover the largest pt range. The centrality class is chosen such that the eccentricity, which quantifies
the initial spatial anisotropies, is close to that in high-multiplicity p—Pb collisions according to Glauber
Monte Carlo simulations [61]], although the charged-particle multiplicities reached in the heavier system
are larger. The published v, of reconstructed jets measured in 30-50% Pb—Pb collisions at /sy = 2.76
TeV [35] are also included in the figure. A scaling factor of 0.6 is applied to the v, of inclusive charged
particles, jet particles and reconstructed jets in Pb—Pb collisions to ensure that the low pt (p1 < 3 GeV/c)
inclusive charged-particle v, matches that in p—Pb collisions. This factor may account for the slightly
different spatial anisotropies in the two colliding systems and the larger multiplicity in the heaviest
system [17]. After such scaling, the inclusive charged-particle v, in p—Pb collisions is compatible with
that measured in Pb—Pb collisions. A different behaviour is evidenced for jet particles. In contrast to what
is observed in Pb—Pb collisions, the jet-particle v, measured in p—Pb collisions is found independent of
pr- This suggests that the collectivity from the initial state survives throughout all stages in the system
evolution more easily in p—Pb than Pb—Pb collisions [62]. This is also confirmed from the positive jet-
particle v, measurement in p—Pb collisions without any indication of a modification of the jet production
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Figure 7: Comparison of the pr-differential jet-particle and inclusive charged-particle v, measured in high-
multiplicity p—Pb collisions at /sy = 5.02 TeV with the same measurements performed in semicentral Pb—Pb
collisions. The published ALICE v, of reconstructed jets measured in 30—50% Pb—Pb collisions is also shown [35]].
The results obtained in Pb—Pb collisions are scaled by a factor 0.6. See the text for the details.

yields within experimental uncertainties [[17, 25} 26].
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Figure 8: Comparison of the pr-differential jet-particle and inclusive charged-particle v, measured in high-
multiplicity p—Pb collisions at ,/sny = 5.02 TeV with AMPT calculations [36 37].

Figure [§] presents a comparison of the jet-particle and inclusive charged-particle v, with the string-
melting version of AMPT model (v2.26t9b) 36} 37, [60] in order to shed more light on the origin of
the jet-particle v, measured in high-multiplicity p—Pb collisions. The AMPT model includes four main
processes: 1) initial conditions obtained from the HIJING model [63} 164]], ii) parton scatterings based
on the Zhang’s parton cascade (ZPC) model [65]], iii) hadronisation via coalescence and (iv) hadronic
interactions described by a relativistic transport (ART) model [66]. A parton scattering cross section of 3
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mb is used [67]. Its value is obtained by adjusting the Debye screening mass so that the model describes
the pr distribution and the v, coefficient of identified particles measured in p—Pb collisions at |/snn
= 5.02 TeV by the ALICE Collaboration [68]. In this model, the v, is calculated following the same
analysis procedure as with data and the event characterisation is done by mimicking the event class se-
lection using the VOA detector at particle level, i.e. by counting charged particles in 2.8 < 1) < 5.1. The
AMPT calculations lead to a positive inclusive charged-particle and jet-particle v;, indicating that parton
interactions play an important role in the v, generation. The model provides a fair agreement with the
measured inclusive charged-particle v, while it overestimates the measured jet-particle v,, predicting a
v, whose shape and magnitude are compatible with those of inclusive charged particles. This is possibly
due to the fact that AMPT treats soft and hard components equally in the parton interaction stage, while
the measurement indicates that hard partons interact with the underlying event differently from the bulk
constituents themselves.

S Summary

In summary, the jet-particle v, measured in high-multiplicity (0-10%) p—Pb collisions at /sy = 5.02 TeV
is assessed for the first time in the pt range 0.5-8.0 GeV/c by means of a novel multi-particle correla-
tion technique. The jet-particle v; is also measured down to low pr in semicentral Pb—Pb collisions at
V/SNN = 5.02 TeV and is complementary to the previous jet v; results at higher pr. Comparisons with the
inclusive charged-particle v, measured in both p—Pb and Pb—Pb collisions are discussed. A positive and
pr-independent v, signal is observed with a significance reaching 6.8c at low pt in p—Pb collisions. The
v» magnitude is smaller than that measured in Pb—Pb collisions at intermediate pt. In addition, a clear pr
dependence of the v, signal of jet particles is observed in Pb—Pb collisions. The comparison with AMPT
predictions shows that parton interactions can generate a positive v, for jet particles in high-multiplicity
p—Pb collisions. These new results bring crucial information about the origin of the observed azimuthal
anisotropies of jet particles in p—Pb collisions and set key constraints on theoretical calculations.
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