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Abstract

We report on results obtained with the Event Shape Engingéeichnique applied to Pb—Pb colli-
sions at,/Sun = 2.76 TeV. By selecting events in the same centrality irgteitwit with very different
average flow, different initial state conditions can be &dd We find the effect of the event-shape
selection on the elliptic flow coefficienp to be almost independent of transverse momerygnas
expected if this effect is due to fluctuations in the initiabgnetry of the system. Charged hadron,
pion, kaon, and proton transverse momentum distributises@und to be harder in events with
higher-than-average elliptic flow, indicating an intespkeetween radial and elliptic flow.
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1 Introduction

Results from Lattice Quantum Chromo-Dynamics |1, 2] pretie existence of a plasma of deconfined
guarks and gluons, known as the “Quark Gluon Plasma” (QG3. §tate of matter can be produced in
the laboratory by colliding heavy nuclei at relativisticeegies [3[ 4, 5]. The QGP was found to behave as
a nearly perfect liquid and its properties can be descrilsgagurelativistic hydrodynamics (for a recent
review, see([6]). The current experimental heavy-ion pmotg at Brookhaven’s Relativistic Heavy lon
Collider (RHIC) and at CERN'’s Large Hadron Collider (LHCeaimed at a precise characterization of
the QGP, in particular of its transport properties.

The system created in a heavy-ion collision expands andeheocls down, ultimately undergoing a
phase transition to a hadron gas, which then decouples tirdbestreaming particles detected in the
experiments[[6]. A precision study of the QGP propertiesiieg a detailed understanding of this ex-
pansion process. If the initial geometry of the interactiegion is not azimuthally symmetric, a hydro-
dynamic evolution of a nearly-ideal liquid (i.e. with a sinallue of the shear viscosity over entropy ratio
n/s) gives rise to an azimuthally anisotropic distribution iommentum space for the produced particles.
This anisotropy can be characterized in terms of the Fouadefficientsv, of the particle azimuthal dis-
tribution [7]. The shape of the azimuthal distribution, drahce the values of these Fourier coefficients,
depend on the initial conditions and on the expansion dyoaniihe geometry of the initial state fluctu-
ates event-by-event and measurements of the resuifithgctuations pose stringent constraints on initial
state models. A quantitative understanding of the initebmgetry of the produced system is therefore
of primary importance [6]. A number of different experimaintheasurements and techniques have been
proposed to disentangle the effects of the initial condgifrom QGP transport, including measurements
of correlations of different harmonics![8], event-by-ev#law fluctuations([9] 10, 11, 12] and studies in
ultra-central collisions [13, 14]. Recent results from ol @—Pb collisions at the LHC, moreover, sug-
gest that hydrodynamic models may be also applicable td systems([15, 16, 17, 18, 19]. This further
highlights the importance of studying Pb—Pb collisionshwitore differential probes, to investigate the
interplay between the initial conditions and the evolutiorthe system where the hydrodynamic models
are expected to be most applicable.

One of the new tools for the study of the dynamics of heavysdoltisions is the “Event Shape Engi-
neering” (ESE)[[20]. This technique is based on the obsenvahat the event-by-event variation of the
anisotropic flow coefficientw) at fixed centrality is very large [12]. Hydrodynamic caktibns show
that the response of the system to the initial spatial amipgtis essentially linear for the second and third
harmonic, meaning that the final state(andvs) are very well correlated with the second (and third)
order eccentricities in the initial state for small valuésng's [[7, 21,[22]. These observations suggest
a possibility to select events in heavy-ion collisions lolage the initial (geometrical) shape, providing
new opportunities to study the dynamics of the system eieolend the role of the initial conditions.

The ESE technique is proposed to study ensemble-averagedvables (such ag and inclusive particle
spectra) in a class of events corresponding to the samsaioallcentrality, but different;, values. In
this paper events are selected based on the magnitude afdbedsorder reduced flow vectgs (see
Sect[3l). The technique was recently applied to studyetziions between different flow harmonics
in the ATLAS experiment [23]. In this paper we present theultsson elliptic flow and charged particle
specta in Pb—Pb collisions gfsyy = 2.76 TeV obtained with ESE technique. The events selectétd w
the ESE technique are characterized by the measuremesttofquantify the effect of the selection on
the global properties of the event. In order to search forrmection between elliptic and radial flow
the effect of the ESE selection on the inclusive transversmemtum distribution of charged hadrons,
pions, kaons and protons is then studied. The results asene for primary charged patrticles, defined
as all prompt particles produced in the collision includalbdecay products, except those from weak
decays of light flavor hadrons and of muons. The differemtiahsurement described in this work could
provide important constraints to identify the correct mddeinitial conditions and for the determination



Event shape engineering in Pb—Pb collisiong/afn = 2.76 TeV ALICE Collaboration

of transport properties. The development of flow in hydradgical models is driven by the pressure
gradients and anisotropy in the initial state. A correlati@tween anisotropic and radial flow may stem
from the specific fluctuation pattern in the initial state /an@an be produced in the final state depending
on the bulk and shear viscosity of the systéim [7].

A few important caveats, which can affect the selectivityhef ESE technique, have to be kept in mind
in this study. First, the discriminating power of thgeselection depends on the multiplicity angvalue

in the psudorapidityn, region where it is computed and on the intrinsic resolutbthe detector used
for the measurement. Second, non-flow effects (such asamsertecays, jets, ett. [22]) could bias the
g2 measurement. In this work we discuss both aspects in detaking use of different detectors with
different intrinsic resolution and differemt coverage.

The paper is organized as follows. In Sédt. 2 a brief reviewhef ALICE detector and of the data
sample is presented. In Sddt. 3 the analysis technique awigmphasis on the event selection and on the
particle identification strategy, is discussed. The resaile presented in SeCt. 4. Their implication for
the hydrodynamic interpretation is discussed in $éct. mallyi, we come to our conclusions in Sddt. 6.

2 ALICE detector and data sample

The ALICE detector at the CERN LHC was designed to study mpdiigh-energy Pb—Pb collisions. Itis
composed of a central barréh( < 0.8 for full-length tracks), containing the main tracking guatticle
identification detectors, complemented by forward detsclor specific purposes (trigger, multiplicity
measurement, centrality determination, muon trackingjlefailed description of the apparatus can be
found in [24]. The main detectors used for the analysis pteskin this paper are discussed below.

The main tracking devices in the central barrel are the Ifinecking System (ITS) and the Time Projec-
tion Chamber (TPC). They are immersed ina 0.5 T solenoiddl fiehe ITS is the detector closest to the
interaction point. It is a six-layer silicon tracker with ary low material budget~ 7% of one radiation
lengthXo). The ITS provides information on the primary interactiartex and is used to track particles
close to the interaction point, with the first layer posigdrat a radial distance of 3.9 cm from the interac-
tion point and the sixth one at 43 cm. It can measure the teisevmpact parameter (DGy) of tracks
with a resolution of about 300 (4Q)m, for transverse momentumy = 0.1 (4) GeV/c, allowing the
contamination from secondary particles to be significarguced. The TPC[25] is a large-volume gas
detector (external diameter 5 m) which measures up to 158egpaints per track, providing excellent
tracking performance and momentum resolutiop, ( pr ~ 6% atpr = 10 GeV/c) [26]. Itis also used

in this work to identify particles through the measuremédithe specific energy lossEfdx. The & /dx,
computed as a truncated mean utilizing only 60% of the avigilaamples, has a resolution-0f5% in
peripheral andv 6.5% in central collisions [26]. At a radius of 3.7 m from thealm axis, the Time
of Flight (TOF) detector measures the arrival time of pstiovith a total resolution of about 85 ps in
Pb—Pb collisions, allowing &K (K/p) 2 o separation up tpr = 3 (5) GeV/c. The ALICE reconstruc-
tion software performs tracking based either on the infdionafrom the TPC alone (TPC-only tracks)
or on the combined information from the ITS and TPC (globatks). The former have the advantage
of an essentially flat azimuthal acceptance, and are used fordg, measurements. The latter provide
better quality tracksdp, /pr ~ 1.5% atpr = 10 GeV/c) [26], rejecting most of the secondary tracks.
However, the acceptance and reconstruction efficiencyalfajltracks are not flat in azimuth and as a
function of transverse momentum, mostly due to missing efficient regions of the ITS. These tracks
are used for th@r distribution measurements. TPC-only tracks can be cdnettdo the primary vertex
(reconstructed also using the ITS information) to providddy momentum resolution.

The data used for this analysis were collected in 2010, duhia first Pb—Pb run at the LHC, at a center-
of-mass energy per nucleqyisyy = 2.76 TeV. The hadronic interaction rate was of the order06f Hz,
low enough to avoid any space charge distortion effectsamfC [27]. The trigger was provided by the
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VO detector([28], a pair of forward scintillator hodoscopdsced on either side of the interaction region,
covering the pseudorapidity region82 n < 5.1 (VOA) and—3.7 < n < —1.7 (VOC). Events were
requested to have a signal in both sides of the VO, seleatinghlty 0—90% most central collisioris [29].
The VO measures a signal whose average amplitude is propaktio the multiplicity of charged parti-
cles. The VO acceptance times detection efficiency is apmately 90% and flat as a function of the
particle pr, with only a small reduction to about 85% fpf < 300 MeVk. Events are further selected
offline using the timing information from the VO and from a sétwo forward Zero Degree Calorimeters
(ZDCs), in order to reject contamination from beam-indubadkgrounds (seé [29,130,/31] for a detailed
discussion). After all selections, the event sample usdteimnalysis consists of about 16 million events.

3 Analysis technique
3.1 Centrality and the event shape selection

The events which pass the basic selection described in[3ece divided in centrality classes based
on the signal amplitude (proportional to the charged pearticultiplicity) measured in the VO detector,
as described in[[29]. Events in each centrality class atbdursubdivided into groups with different
average elliptic event shapes based on the magnitude ottlwmd order reduced flow vectgs [22]

given as
_ Qg

02 Nk
whereM is the multiplicity andQz| = , /Qix + Q%,y is the magnitude of the second order flow vector.

(1)

In this paper, the flow vectd®; is calculated using the TPC or VO detectors. In the TPC, grackhe
range 02 < pr < 20 GeV/cand|n| < 0.4 (to avoid an overlap with thg region used for the, and pr
distribution measurements) are used to measure

M M
Qzx = Zcos 2, Qoy = _Zsin 2, (2)

whereg; is the azimuthal angle of theth particle andM is the number of tracks in an event.

In the forward rapidity region the VO is used. This detectgraented into four rings, each consisting of
8 azimuthal sectors, the flow vector is hence calculated as

32 32 32
Qox = i;Wi cos2pi , Qoy = i;Wi sin2p; , M = i;wi, 3)

where the sum runs over all 32 channdisis the angle of the center of the sector containing channel
w; is the amplitude measured in chann@ndM is in this case the sum of the amplitudes measured in
each channel.

The discriminating power af, depends on the magnitude of elliptic flow as well as on thektraalti-
plicity used in theg, calculation and on the performance of the detector, inolyithe angular resolution
or the linearity of the response to the charged particle iplidity. The good resolution of the TPC and
the large multiplicity at midrapidity are used to maximite tselectivity orngp. However, the ALICE
central barrel acceptance enables only limited separatipseudorapidity between the region used to
calculateg, and the region used to calculate the observallieg|(= 0.1). This separation is introduced
in order to suppress unwanted non-flow correlations, whjglcaly involve only a few particles and
are in general short-range. In order to further assess thigilmation of non-flow correlations, the flow
vector is also calculated using the VO detectors. This léads separation of more than one unit in
pseudorapidity between the two regions.
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Fig. 1: (Color online) Distributions o} (top) andgy°© (bottom) as a function of centrality (left) and projections
for two centrality classes, 0-1% and 30—-31% (right). In eafcine left panels the solid curve shows the average

gz as a function of centrality, while the dashed and the dottedes indicate the top 10% and the bottom 10%,
respectively.

In absence of correlations, the average lengt@®ofrows asy’M [22]: g» is introduced to remove this
trivial part of the multiplicity dependence. In case of rzero correlations (due to either collective flow
or non-flow correlations)y, depends on multiplicity and on the strength of the flow asE22,

(05) ~ 1+ (M —=1))((Vz+&)), (4)

where the parametep accounts for non-flow correlations, and the angular bracttehote the average
over all events.

In the case when the multiplicity is measured via the signgblaude in the VO detector, the first term
in Eq.[4 (unity) has to be substituted ksf) /(e )2, whereg is the energy deposition of a single particle

i. The fluctuations irg lead to an increase in the flow vector length and reduce thregmonding event
plane resolution.
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Fig. 2: (Color online) Effect of thegy°© (q;7C) event shape selection on thE° (gy°°) distributions for events
in the 30-31% centrality class.

The g, distribution measured with the TP@J{©) and VOC ¢3°C) is shown in Fig[1L as a function of
centrality, and in two narrow centrality classes, 0—-1% abd331%. As can be seeq reaches values
twice as large as the mean value, as expected in case of hitigé state fluctuations [20]. They°c

is larger thanq}PC, as the former is measured in a larger pseudorapidity win@iategrating a larger
multiplicity) and is sensitive to the fluctuationsen Note also that the selectivity (discrimination power)
of the two selection cuts is in principle different, due te ttifferent detector resolution, and, in the case
of VOC, smallernv, value at forwardy, fluctuations ing; and large contribution of secondary particles.

In the present analysis, the effect of the event shape esgigeonv, and pr distributions is studied.
The average flow and particle spectra are measured in thegsguidity range & < || < 0.8 in order

to avoid overlap with the region used to calculafg C. The VOC selection is used to estimate the
contribution of non-flow correlations to the event-shapea®n, since it provides a large gap. As

a further crosscheck, the analysis was also repeated uwngQA detector. The results obtained with
VOA and VOC show a qualitative agreement with a better sieligcivhen the VOC is used (mostly due
to the larger multiplicity in the acceptance of this deteetnd to then dependence of the elliptic flow).
We therefore report the results for events selected L@P@andq‘z’oc in this paper.

Due to the limited statistics, the analysis has to be peréorin relatively wide centrality classes (L0%).
The length oft, changes within such large centrality intervals (Fig. 1)J arcut at a fixed value af,
would introduce a dependence on the multiplicity that waaldcure the effect of the event-shape se-
lection. Theq, selection is therefore evaluated in narrow (1%-wide) @dityr classes. The results
presented in the next sections are obtained in two evempiestlasses, corresponding to the 10% of the
events having the top (bottom) value of the(estimated in the narrow centrality classes). In the fol-
lowing, we refer to these two classes as “largg” (90-100%) and “smal-g," (0-10%) or, generically,

as ESE-selected events. Conversely, we refer to the yotdldata within a given centrality class as the
“unbiased” sample.

The correlation betweegf " andgy°C is illustrated for events in the 30-31% centrality class ig. 2.
The left (right) panel shows the distribution g@f measured with the TPC (VOC) for all events and for
events in the largeq, and small-q, classes, selected with the VOC (TPC). The aveggehanges by
about 18% and 14% in the large, and small-g, samples respectively. In order to control the effect
of fluctuations in a given detector the detailed comparidathe results obtained wittquC andq‘z’OC is
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crucial, as discussed in detail below. In order to disereatige effect of the) gap and of the), cut, the
selection omglPC is also adjusted such that the average flow measured at pitityais similar to the
one in the large g, sample (Seck]4).

The ESE becomes less selective in peripheral events regardf the detector used to compgge due
to the low multiplicity. This limits the present analysisttee 60% most central events.

Space charge distortion effects in the TPC, which accumued¢r many events could, in principle, bias
the g, selection. In order to check for this and other possiblerumsental effects it was verified that the
results are not sensitive to the instantaneous luminosity.

3.2 Elliptic flow measurement

The elliptic flow, v, is measured in the pseudorapidity range €@ || < 0.8 using the Scalar Product
(SP) method[22], according to:
(U2 Q5/M)

/QéQg*/MAMB

whereu, =exp(i2px) is the particle’s unit flow vectorpy is the azimuthal angle of theth particle of
interest,Q> is the flow vector andM is the multiplicity. The full event is divided in two indepaent
sub-events, labeled @sandB, covering two different pseudorapidity range§ & n < 0.8 and—0.8 <

n < —0.5. The particle’s unit flow vectau i is evaluated in the sub-evefwhile the flow vectoQ. and

the multiplcity M in the sub-evenB and vice-versa, ensuring a pseudorapidity gaj\gf > 1 between
the particle of interest and the reference charged pastiethich suppresses the non-flow contribution in
the calculation of»{SP}. A flat acceptance in azimuth is achieved in this analysiscsielg TPC-only
tracks, constrained to the primary vertex. Tracks are reduo have at least 70 clusters angy@) < 4

per TPC cluster (two degrees of freedom). Tracks with a #tense distance of closest approach to the
vertex (computed before constraining tracks to the prinvaryex) DCA, > 2.4 cm or a longitudinal
distance of closest approach DEA- 3.2 cm are rejected to reduce the contamination from secondary
tracks. The effect of secondary particles is correctedyapgplthe same analysis procedure to Monte
Carlo events, simulated with the AMPT event generdtof [38] propagated through a GEANT3 [34]
model of the detector. The{SP} computed using reconstructed tracks is then compared hatlone
computed with generated primary particles, and the diffeed< 5%) is used as a correction factor.

V2{SP} = (5)

The uncertainty on the tracking efficiency was assessed difttrent track samples and selections:
using a set of hybrid tracks, built from a combination of glband TPC only tracks to obtain a uniform
azimuthal acceptance [35], using TPC only tracks not caimstd to the primary vertex, varying the
minimum number of TPC clusters required in the analysis fi@o 50 {Track reconstructionn Tab.[1
and2) and weighting each track by the inverse of thedependent) efficiencyltacking efficiency

The procedure used to estimate the centrality percenébasslito a-1% uncertainty in the definition of
the centrality classes [29]. In order to propagate this tac#y to the results presented in this paper, the
measurement is repeated displacing the centrality peledyt1%. For instance, the analysis in the 30-
40% centrality class is repeated for the selection 30.3%40Centrality resolutiof. Moreover, tracks
reconstructed at midrapidity (instead of the VO signal) @sed as the centrality estimatd@@entrality
estimato}.

The correction for the effect of secondary particles memibabove is strongly model dependent, there-
fore the difference between tiwe estimated using generated AMPT particles and reconstrucaeks
was used to estimate the corresponding systematic ungrtai 3.5% (0.7%) apr = 0.2 (1.5) GeV/c
(Secondary particlgs

Moreover, the following systematic checks were considetieel dependence on the magnetic field con-
figuration was studied analyzing separately samples oftewailected with different polarities of the
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Effect Vo Vo large—-qp Vo small-qp
Track reconstruction 3.1% (0-20%) 3.1% (0-20%) 3.1% (0-20%
2.7% (20-60%) 2.7% (20-60%) 2.7% (20-60%)
(pr=0.2 GeV/c) (pr=0.2 GeV/c) (pr=0.2 GeV/c)
0.08% (0-20%) 0.08% (0-20%) 0.08% (0-20%)

0.02% (20-60%) 0.02% (20-60%) 0.02% (20-60%)
(pr=1.5 GeV/c) (pr=1.5 GeV/c) (pr=1.5 GeV/c)

Tracking efficiency 0.07% 0.35% 0.14 %
Centrality resolution 0.21% 0.35% 0.35%
Centrality estimator 0.57% 0.49% 0.57%
Secondary particles 3.56% 3.56% 3.56%
(pr = 0.2GeV/c) (pr = 0.2GeV/c) (pr = 0.2 GeV/c)
0.8% 0.8% 0.8%
(pr = 15GeV/c) (pr = 15GeV/c) (pr = 1.5GeV/c)
Magnetic field NS NS NS
Charge NS NS NS
Vertex NS NS NS

Table 1: Summary of systematic errors o SP} measurement. NS = not statistically significant.

Effect V, large—qp/unbiased v, small-qgp/unbiased
Track reconstruction 0.14% 0.14%
Tracking efficiency 0.35% 0.21%
Centrality resolution 0.14% 0.21%
Centrality estimator 0.14% 0.07%
Secondary particles 0.07% 0.35%

Magnetic Field NS NS
Charge NS NS
Vertex NS NS

Table 2: Summary of systematic errors on the SP} ratios. NS = not statistically significant.

magnetic field lagnetic field, analyzing positive and negative particles separatdigrge)and analyz-
ing samples of tracks produced at different vertex posstionl0 < z, < 0 cm and 0< z < 10 cm
(Vertexy. These effects are found to be not significant.

The systematic uncertainties in themeasurements and in the ratios/pfn ESE-selected over unbiased
events are summarized in Tab. 1 anhd 2. Only the checks arativas which are found to be statistically
significant are considered in the systematic uncertairf#és Whenever thepr dependence of the

uncertainty is not negligible, values for characterigticare given in the tables.

3.3 Transverse momentum distribution measurement

The measurement of ther distributions uses global tracks, which provide good netsmh on DCA,y
(Sect[2), and hence good separation of primary and segppdaticles. The track selection requires at
least 70 clusters in the TPC and at least 2 points in the ITS&fouhich at least one must be in the first
two layers, to improve the DC4resolution. Apr-dependent cut on the DG4 corresponding to 7 times
the experimental resolution on DG\ is applied to reduce the contamination from secondarygbest
Tracks with ax? per point larger than 36 in the ITS and larger than 4 in the TRQgjected. Finally,

to further reduce the contamination from fake tracks, aisterscy cut between the track parameters of
TPC and global tracks was applied. For each reconstructetieRk, thex?-difference between the
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Effect Neh i K* pand p
Track reconstruction < 0.035% 0.07% 0.07% 0.07%
Tracking efficiency 0.21% 0.21% 0.21% 0.21%
Centrality resolution  0.07%pg > 1.5 GeV/c) 0.07% (r > 1.5 GeV/c) 0.14% 0.14%
Centrality estimator 0.35% 0.35% 0.35% 0.35%
PID - 0.07% pr > 1.5 GeV/c) 0.07% 0.07%
Secondary particles < 0.035% < 0.035% < 0.035% 0.07%
Normalization 1.1% 1.1% 1.1% 1.1%
Magnetic field NS NS NS NS
Charge < 0.035% < 0.035% < 0.035% < 0.035%
Vertex 0.07% 0.07% 0.07% 0.07%

Table 3: Summary of systematic errors for the ratiomfdistributions between largg> and unbiased events. NS
= not statistically significant.

Effect Neh i K+ pand p
Track reconstruction < 0.035% 0.07% 0.07% 0.07%
Tracking efficiency 0.28% 0.28% 0.28% 0.28%
Centrality resolution  0.07%pf > 1.5 GeV/c) 0.07% r > 1.5 GeV/c) 0.14% 0.14%
Centrality estimator 0.35% 0.35% 0.35% 0.35%
PID - 0.07% 7 > 1.5 GeV/c) 0.07% 0.07%
Secondary patrticles < 0.035% < 0.035% < 0.035% 0.07%
Normalization 0.6% 0.6% 0.6% 0.6%
Magnetic field NS NS NS NS
Charge < 0.035% < 0.035% < 0.035% < 0.035%
Vertex 0.07% 0.07% 0.07% 0.07%

Table 4: Summary of systematic errors for the ratiomfdistributions between smaty and unbiased events. NS
= not statistically significant.

track parameters computed using only the TPC informatiorsttained to the vertex and the associated
global track is required to be less than B61[37]. Chargedksrace studied in the pseudorapidity window
0.5 < |n| < 0.8, to avoid an overlap with thg}P© calculation.

Particles are identified using the specific energy I&ssdt in the TPC and their arrival time in the TOF.
The technique is similar to the one presented_in [15]. A tracklentified as either a pion, a kaon or
a proton based on the difference, in the detector resolutiiis, from the expected energy loss and/or
time of flight na,LID (with i being the particle identity under study). Belgw = 0.5 GeV/c, only the
TPC information is usedn@,, = nNotpo). For largerpr, the TPC and TOF information is combined

using a geometrical meamob,, = \/(na‘TPC)2+ (natop)2. Tracks are required to be withiroBp of

the expected value to be identified &, K* or p (9). In the region where thed®p identification
bands of two species overlap, the identity correspondirtgesmallenopp is assigned. This technique
gives a good track-by-track identification in the followipg ranges: @ < pr < 4 GeV/c for m,

0.3 < pr < 3.2 GeV/c for K*, 0.5 < pr < 4 GeV/c for p (p). The misidentification of tracks is below
4% for pions, 25% for kaons and 10% for protons in those ran@esther discussion on the ALICE
Particle Identification (PID) performance can be found_ifi,[28]. The results for identified particles
are provided in the pseudorapidity rang® & |n| < 0.8. However, in the case of thg/°C selection
the results were also studied at mid-rapidiy < 0.5. Results for positive and negative particles are
consistent. In the following, “pions”, “kaons” and “protsih as well as the symbolgt’, “K” and “p”,
refer to the sum of particles and antiparticles.
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The results for the spectra in ESE-selected events arerpeesi|n terms of ratios between the distribu-
tions measured in the large), (small-g,) samples and the unbiased sample. The unbiased spectra have
already been reported in [37,]138]. Most of the correctiomsl (@ancertainties) cancel out in these ratios,
allowing for a precise determination of the effect due todhent-shape selection, as discussed in detail
below. The uncertainties can mostly arise due to effectsdiiy@end on the local track density, which are
found to be small[39].

The systematic uncertainties are summarized in[Tab. 3 an@T&s mentioned before, only the checks
and variations which are found to be statistically significare considered in the systematic uncertain-

ties [36].

The systematic uncertainty related to the tracking is estichvarying the track selection cuts. Instead of
the standard TPC cluster cut, at least 120 (out of 159) pad-hits in the TPC and a fraction of shared
clusters in the TPG: 0.4, are requiredTrack reconstructionin Tab.[3 and}#).

The possible effect of a track-density-dependent effigigmich would influence in a different way
events with the large and small-g, selection) is investigated using simulations based on iR
event generatof [33] and a parametric event generator tonegroduce the ALICE spectra angimea-
surements [39]. This effect leads to an uncorrelated syaterarror of about 0.2% and a normalization
error of 0.4% Tracking efficiency

The uncertainty on the centrality is estimated varying thénitions of centrality classes by 1% and
using tracks as the centrality estimator. These checksttead uncorrelated uncertainty of about 0.1%
and 0.35%, respectively and a normalization uncertaintgwhd% in the ratios of spectraCgntrality
resolutionandCentrality estimatoy.

The systematic effect related to the particle identificat®studied performing several variations to the
PID approach described above. T p cut is varied between 2 and 4. Alternatively, if a track is
consistent with more than one particle assignment withémthp|p cut, double counting is allowed. As
compared to the standard strategy where only the identigesk to the measuredpp is selected, this
approach leads to a slightly larger contamination from aeistified tracks, but also to a larger efficiency.
Finally, an exclusivenop|p strategy was used, which drastically reduces misidertiifica a particle is
only accepted if it is compatible with only one mass hypathes 20pp. As a further cross-check, a
Bayesian approach [26] was also considered. This methodiafor better control of contamination at
high pr. Overall, the uncertainty related to the particle iderdifien strategy is less than 0.1RID).

The effect of secondary particles depends onghelistribution of weakly-decaying primary particles,
and could be different for the largeand small-g, samples. This effect is estimated to be at most
~ 0.1% for protons with the TPC ESE selection and negligible imtler casesYecondary particles

Possible effects related to the magnetic field and to thegehstate are addressed studying separately
events collected with different magnet polaritiddagnetic field and different charge$harge, as in the
case of ther,{SP} measurement. Particles produced at different longituiginaition cross a different
portion of the detector, with different reconstruction @ffncy. The samples of events produced with a
negative 10 < z < 0 cm) and positive (& zx < 10 cm) longitudinal vertex coordinate with respect
to the nominal interaction point were studied separateégytex.

4 Results

4.1 Charged particle elliptic flow

The event-shape selection is studied in Elg. 3, where/fh8P} as a function ofpr is reported for the
unbiased and ESE-selected samples, with botly}Re (|| < 0.4) andgy°© (-3.7 < n < —1.7) selec-
tions in different centrality classes. Figlie 4 shows thie fzetween ther, measured with the largeg,
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Fig. 3: (Color online) Measurement @6{SP} as a function ofy in different centrality classes for the unbiased,
the large-g» and the smaltg, samples. Only statistical uncertainties are plotted &ysatic uncertainties are
smaller than the markers).
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Fig. 4: (Color online) Ratio of»{SP} in the large-g, and smal-g, samples to unbiased sample. Only statistical
uncertainties are plotted (systematic uncertaintiesragdlsr than the markers).
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Fig. 5: (Color online) Comparison between the effect of the evéiajps selection obtained with the standard VOC
and with the tuned TPC selections (see text for details)héncentrality class 30-40%. Top,{SP}, bottom:
ratios to the unbiased sample. Only statistical unceitsrare plotted (systematic uncertainties are smaller than
the markers).

(small-qp) selection and the unbiased sample. Selecting the 10% stiglogvest)q)PC samples leads
to a change of 30-50% in the{SP} measured, depending on centrality. The change is smal&of
25%) in the case ofy°C-based selection, as compared to ¢E° case. As already indirectly inferred
from the difference betweer'®and 4" order flow cumulants»{2} andv,{4} in [12], the elliptic flow
response of the system to geometry fluctuations is almospentient ofor. For all centralities, the
change observed in Figl 4 depends indeed weaklgQmip to at least 4-5 GeX¢. This indicates that a
cut onqp selects a global property of the event, likely related toittigal shape in the overlap region.
The only exception to the previous observation is the 0-5ptrabty class, where for thegpC selection
an increasing trend witlpy is observed. In this centrality class the mean valug,dé small, due to
the almost isotropic shape in the initial state. Moreovelative flow fluctuations are large in central
collisions, with apr dependence similar to the one shown in Eid. 4 [12]. The aisabfshe pr spectra
presented in Sectidn 4.2 gives additional insight into teed observed in Figufé 4.

For pr 2 4—5 GeV/c, the ratio ESE-selected/unbiased{ SP} increases for the largey, selection.
This trend is more pronounced for thépc selection and for the most central and the most peripheral
classes. A fit with a constant over the fpl range yieldsy? per degree of freedom values in the range
2-6 (depending on centrality) for thg P selection and< 2 for the gy°¢ selection. Fitting the ranges
pr <5 GeV/c and pr > 5 GeV/c with two different constants indicates an increase for trgd-q,
selection of order 5% and 10% for tg°C andq]PC selections, respectively. This difference could be
due to a small non-flow-induced bias. At high the v, is believed to be determined by the path-length
dependence of parton energy Idss [12].

The difference between tig " andgy°© can be due to the different selectivity (see Ject. 3.1),lsotta
a different contribution of non-flow correlations betwebed, and thev, measurements. Replacing the
q;PC selection with theq‘z’OC one changes both non-flow and selectivity at the same timdisemtangle
these two contributions, the selectivity of thE“ selection was artificially reduced. This is achieved
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Fig. 6: (Color online) Centrality dependence of the averag&SP} variation in the large-q, and smak-qg, sam-
ples.

either relaxing the selection itself or rejecting a randeaction of tracks for the computation gfFC,
while still selecting 10% of the events. It is found that séley the class 65-100% for the larggy
sample (0-55% for the smail, sample) withq;PC, or alternatively rejecting 70% of the TPC tracks,
leads to an average variation of tlig{SP} in the range @ < pr < 4 GeV/c comparable to the one
obtained with the standard 10@@’OC selection. The results are shown in Hi§. 5 for the centraliags
30—-40%. Not only is it possible to find a cut which leads to thens average variation i {SFP},
but the pt dependence is very similar in both cases. Rejecting rand@08o of the tracks changes
the selectivity ofg}”C without affecting non-flow correlations between g’ selection and/,{SP}
measurement (as thegap is not varied). Also in this case, it is found that theaftd theq, selection
does not depend opr. A similar result, with the same value of the relaxed cut acfion of rejected
tracks, is found for the centrality interval 10-50%. Moreg\as it will be discussed in the next section,
the same relaxed selections lead to the same effect gmrthistributions.

These checks demonstrate that the selectivity of the cheisiiain reason for the difference between the
TPC and VOC selections. Due to the lamggap, the non-flow contribution is expected to be negligible
in the case of theq\z’OC selection. The agreement observed in Eig. 5 indicatesithtiite centrality classes
10-50%, this is also the case for tig © selection in the rangpr < 5 GeV/c, a transverse momentum
region dominated by hydrodynamic effects|[38]. It is wortbticing that the ATLAS Collaboration
measured a modification of the elliptic flow ef 35%, nearly independent @ up to~ 12 GeV/cin

the 20—-30% centrality class, while measunngandag, with a pseudorapidity gap of 0.7 unifs [23]. The
increasing trend in the centrality class 0-5% is also oleskiv [23]1.

To study the centrality and thep dependence of,{SP} in ESE-selected event classes, we quantified

1See auxiliary figures available on the ATLAS Collaboratioebypage
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2014-03/
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the average change for each centrality class fitting thesati the range @ < pr < 4 GeV/c with a
constadl. The centrality dependence of the average change in the-lgggand smak-q, selection is
reported in Figlb. The trend obtained with m}éDC and q‘z’OC selections is very similar, except for the
most central class 0-5%, where the average is influencedelyaih-flat trend seen in Figl 4. This once
again reinforces the conclusion that the non-flow contatiminas small also in the TPC selection case
for the bulk of particles. The relative importance of norwflohanges with centrality. A large non-flow
bias would therefore introduce a centrality dependenckémélative trend between tligPC andgy°©
selections, which is not observed. The dependence of,f®P} variation onquC and q‘z’OC is shown
for the centrality classes 5-10%, 30-40% and 50-60% in[BigTffe left panel shows the absoluje

2The result of the fit is numerically equivalent to the direomputation of the integrated in the range @ < pr <
20 GeV/c.
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values on the x axis, while the right panel depicts the setfrralized values, defined as the avergge
value in ESE-selected events over the aveiggealues for all events in a given centrality class. The
VOC selection spans a larger range but the TPC is more saeet$ is clearly seen from the different
slope of the TPC and VOC curves. In both cases the averaggaches values twice as large compared
to those in the unbiased sample, (Fig. 7, right).

In summary, the observations reported in this section aidithat the ESE selects a global property of
the collisions, as suggested by the flat modification inwhas a function ofpy. The q}PC leads to a
change twice as large than the correspondjyf” selection. The difference between the two seems to
be mostly due to the different discriminating power rattemtto non-flow effects.
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Fig. 9: (Color online) Ratio of thepr distribution of charged hadrons in the larggp or small-g, sample to the
unbiased sample. Comparison between the effect of the-sbapie selection obtained with the standard VOC and
with the tuned TPC selections (see text for details), in #r@rality class 30-40%.

4.2 Transverse momentum distributions

In order to study the interplay between the initial confidgiara of the system and the dynamics of the
expansion of the fireball, the effect of the ESE selectionhersingle particlgor distribution is reported

in Fig.[8, for theg) "¢ andgy°C selections. As discussed in Séctl 3.1 the reduced flow visotafculated

in the TPC detector in the pseudorapidity range< 0.4. In order to avoid overlap between the© and

pr distribution measurements, only the regiab & |n| < 0.8 is used to measure thg distributions.
This ensures at least 0.1 units of pseudorapidity separagdween thep, and spectra measurements,
thus suppressing the effect of short-range correlationscénsistency with the TPC analysis, the same
pseudorapidity range is used in the case of the VOC seledtidgheqy°C case, it is also possible to study
the spectra at mid-rapidityy| < 0.8 without any overlap with thep, measurement. The results agree
within uncertainty with those in.6 < |n| < 0.8.

The spectra in the largeg, sample are harder than those in the smalone. The ratio to the unbiased
spectra reaches a maximum aroymd= 4 GeV/c, and then stays approximately constant within large
uncertainties.

The effect of the selection is more pronounced in semi-aéeirents £ 30-50%), and decreases both
towards more central and more peripheral collisions. Taistke understood as due to the fact thatghe
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Fig. 10: (Color online) Ratio of thepr distribution of identified charged hadrons in the large sample to the
unbiased sample for theg P© (top) andgy°C (bottom) selections.

spans a larger dynamic range in semi-central collisiorg[Fand Fig[17). In the most peripheral central-
ity class studied in this paper (50-60%) the effect of the FR€ed selection is still very pronounced,
while theq\z’OC selection is less effective. This may indicate a small awirtation from non-flow ef-
fects in the most peripheral bin, consistent with obseovatidiscussed for the{SP} measurement in
Sect[4.]l. In the most central class (0-5%) the modificatfdhespectrum is very small. This suggests
that the trend observed in the same centrality class il Fglikely to be dominated by flow fluctuations
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Fig. 11: (Color online) Ratio of thepr distribution of identified charged hadrons in the smaji sample to the
unbiased sample for thg P© (top) andgyC (bottom) selection.

rather than non-flow contributions.

As in the previous section, we disentangle the effect of ihmn-and g, selectivity either relaxing the
quc selection or randomly rejecting a fraction of the trackse Télaxed cut and the fraction of rejected
tracks tuned to reproduce the variation in 02 < pr < 4 GeV/cin Sect[4.]l are used. Figure 9 shows
that these selections yield results compatible with thledaﬁajq‘z’oc selection. A similar result (with the
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the blast-wave parametrizations (see text for details).

same relaxed cuts or fraction of rejected tracks) is foumdafiocentralities up to~ 50%, after which
non-flow effects seem to become relevant.

As discussed in Se¢t. 4.1, we conclude that the effect offloenis small and that the main factor driving
these observations is the averageat mid-rapidity.

The modification on the spectra of identifier] K, and p is reported in Fig. 10 and Fig.]11 for differ-
ent centrality classes. The same pattern measured in tieeofasn-identified hadrons is observed.
Moreover, a clear mass ordering is seen: the modificatioroig pronounced for heavier particles. Con-
versely, the spectra in the smatl, sample are softer. In the case of the VOC selection the dealigs
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also repeated in the regioyl < 0.5, yielding consistent results.

These observations suggest that the spectra in thedagsgesmall-g,) sample are affected by a larger
(smaller) radial flow push. This hypothesis was tested withlast-wave [[40] study. A ratio of two
blast-wave functions was used to fit the spectra ratios showiy.[10 and Fig_11. The parameters were
initially fixed to the values from [38], where they were turtecdescribe the inclusive spectra of pions,
kaons and protons. Then, thiBr) parameter of the numerator function was allowed to chandmdw
keeping the overall integral of the function constant). Tiheias performed as in [38] in the transverse
momentum ranges 0.5-1 Ggy/ 0.2-1.5 GeVc, 0.3-3 GeVc for 1, K, p, respectively. The agreement
with the data is good, also outside the range used to detertnénparameters, up & ~ 3GeV/c. The
fits yield the following result for the differena®(f3r) between theé 3r) parameter of the numerator and
denominator functionA (1) = (0.41+ 0.03)% (large-q) andA (Br) = (—0.22+ 0.03)% (small-qy)

for the centrality class 30-40%, as shown in [Fig. 12.

5 Discussion

In this paper the first application of the Event Shape EngingdESE) [20] to the analysis of ALICE
data was presented.

The results on the;{SP} measurement suggest that the ESE technique selects a ptopatty of the
collision, likely related to the eccentricity in the initistate. The measurement pf spectra indicates
that events with larger eccentricity show an increasedaldttiw. A correlation between elliptic and
radial flow could be introduced either at the initial stagee do the specific fluctuation patterns in the
energy deposition, or during the hydrodynamic evolutiothef system, due to an interplay of bulk and
shear viscosity [7].

A Glauber Monte Carlo simulation was performed to estimh&epossible correlation between the ini-
tial eccentricity and azimuthally-averaged pressureigrdad. In the model, the multiplicity of charged

particles in the acceptance of the VO detector, used to rdaterthe centrality classes, is computed
following [29]. A “number of ancestorsNancestorsiS derived from the number of participant nucleons
(Npart) @and binary collisionsNcoi) as

Nancestors: f Npart + (1 —f )Ncoll . (6)

Each ancestor is assumed to produce particles followingative binomial distribution with parameters
taken from[29].

The participant density, defined followinig [41, 42/ 9] 43Nast/S is used as a proxy for the magnitude
of the pressure gradients. The average cross-sectior@barel participant eccentricity are computed
as

S= 4noy oy = 4m, | 0207 — 03, (7)

B a&—aj B \/(U)IZ_G)(Z)2+4U)(2y

) 2 2 2
0+ 03 02+ 0}

: (8)

where
a7 = (&) = (%2 oy = (V) = ()% =) — (X {y). ©)
The unprimed coordinates are given in the fixed laboratooydinate frame. Primed coordinatesand

y', are calculated in the so-called participant coordinastesy, rotated with respect to the laboratory
coordinate frame such that the minor symmetry axis of théigigant nucleon distribution coincides
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Fig. 13: (Color online) Participant density as a function of the jggpant eccentricity estimated in a Glauber
Monte Carlo model for central (top) and semi-central (boftcollisions.

with the X direction. The normalization of the area is chosen suchftrea Gaussian distribution the
averagedensity coincides wittNpart/S.

Two narrow centrality classes, selected based on the dietlddarged particle multiplicity, roughly cor-
responding to 0-2% (central) and 30-32% (semi-centrad)sardied in Fid._13. The observed correlation
between the density and the participant eccentricity isniscent of the correlation between radial flow
and event shape measured in this paper. The average dersignits with the 10% largestis about 1%
(7%) larger than in events with the smalledor central (semi-central) collisions, qualitatively cistent
with what is observed in Fi§. 10 and Figl11, where the efféthe ESE selection is much stronger for
semi-central collisions. This reinforces our conclusibattESE is an effective tool to select the initial
shape and density, thereby opening the possibility of &urttudies.

A quantitative comparison would require a full hydrodyneaticalculation. The correlation can in fact
be modified by the transport in the hydrodynamic phase. Itiqodar, it was shown([[7, 44] that in a
system with a finite shear viscosity the flow coefficientsaot#d for a given set of initial eccentricities,
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sample (top panel) and ratio between the largeresult over the unbiased result (bottom panel). Data points
(full markers) are compared with AMPT Monte Carlo model (#isih Only statistical uncertainties are plotted
(systematic uncertainties are smaller than the markers).

are reduced as compared to the ideal hydrodynamics casée Atine time, shear viscosity increases
the radial flow. In principle, bulk viscosity reduces theigddlow, reducing the correlation observed
in this paper, but the latter effect was estimated to be giedgi [44]. Therefore, the measurement we
present in this paper is sensitive to the interplay of ihitienditions and transport coefficients in the
hydrodynamic phase. As such, it poses stringent constraimhydrodynamic calculations, and it could
allow the extraction of the value of average shear viscagithe LHC.

A study of the relation of the fluctuation in the initial size the spectra was performed 46]
with a full hydrodynamic simulation. It was shown that theeetby-event fluctuations in the Glauber
initial conditions lead to fluctuations in the initial sizé the system that reflect in fluctuations of the
radial flow and hencépr). It is found that the relativépr) fluctuations computed with Glauber initial
conditions overestimate the data, indicating a strongithahsof event-by-event measurements on the
initial conditions model. It is also shown that tfyer) fluctuations are not sensitive to the shear viscosity.
The study in[[45] 46] (fluctuations ifpr)), however, does not address the relation between theiellipt
and radial flow. It may be expected that the present measutemik also be sensitive to the transport
coefficient of the medium.

In a recent series of theoretical studies![47,[48, 49], it suaggested to use the Principal Component
Analysis to study flow fluctuations. It was argued that mosthef current methods to study flow do
not fully capture the complexity of the initial state. Indeehe PCA studies revealed the presence of
sub-leading flow components (arising from radial geomexwgitations), which break the factorization
of flow harmonics([4[7, 48], In particular, in [49] it is argudtht the sub-leading componentwfreflects

a non linear mixing with radial flow, which could address theng physics as reported in this paper.

A study of the relation of the fluctuation in the initial size the spectra was performed (n_[45, 46]
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with a full hydrodynamic simulation. It was shown that theeetby-event fluctuations in the Glauber
initial conditions lead to fluctuations in the initial sizé the system that reflect in fluctuations of the
radial flow and hencépr). It is found that the relativépr) fluctuations computed with Glauber initial
conditions overestimate the data, indicating a strongitéhs of event-by-event measurements on the
initial conditions model. It is also shown that ther) fluctuations are not sensitive to the shear viscosity.
The study in[[45] 46] (fluctuations ifpr)), however, does not address the relation between theiellipt
and radial flow. It may be expected that the present measutemik also be sensitive to the transport
coefficient of the medium.

In a recent series of theoretical studies![47,[48, 49], it suaggested to use the Principal Component
Analysis to study flow fluctuations. It was argued that mosthef current methods to study flow do
not fully capture the complexity of the initial state. Indeehe PCA studies revealed the presence of
sub-leading flow components (arising from radial geomexwgitations), which break the factorization
of flow harmonics([417, 48]. In particular, in [49] it is argu#tht the sub-leading componentwfreflects

a non linear mixing with radial flow, which could be relatedite same underlying physics phenomena
reported in this paper.

To further understand the observed effect, we studied itMPA, a model known to reproduce many
of the flow observables measured at the LHC [33]. This modbbsed on HIJING[[50] to describe
the initial conditions and on the Zhang'’s parton cascadé {&Hescribe the partonic evolution. The
string meltingconfiguration, described in [562], is used. To assess thedhgfahe detector resolution
on theq, selection, the simulated AMPT events were transportedutiirahe ALICE apparatus using
the GEANT [34] transport model. Thg was computed using either the reconstructed Monte Carlo
tracks €59 or the generated primary particles in the same kinematiger&y° ). The elliptic flow and
the transverse momentum distribution are calculated ugémgerated Monte Carlo particles. Since the
charged particle multiplicity distribution is differemt IAMPT and data, thep, selection is calibrated
in the model as a function of multiplicity. The results ar@wh in Fig.[14 for the charged hadrons
elliptic flow and in Fig[Ib for the transverse momentum disttion of charged hadrons. Using either
gy ¢ or qge” does not introduce any significant difference on the efféthe selection. This indicates
that detector resolution effects are negligible forqﬁ%c selection. The VO detectors, on the other hand,
have a coarser azimuthal resolution and are sensitive tiuditions in the energy deposition of incident
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particles. However, the study with the relaxed TPC seladiscussed in Sedtl 4 demonstrates that the
properties of the ESE selected events are mostly deterrbinéte average,{SP} value. It is therefore
advised that in any comparison of this data to theoreticalatsthe selection in the model is tuned as to
reproduce the average change/fiSP} at mid-rapidity.

The pr dependence of the elliptic flow observed in data is not rared in AMPT (top panel). This
model reproduces however the magnitude of the modificatiowell as the flatness of the ratio as a
function of pr.

The effect of the ESE selection on tpe distribution of charged patrticles is well reproduced by AMP
below pr = 2 GeV/c, as shown in Fid_15. However, the magnitude of the effecht@rimediatepr
(2 < pr < 6 GeV/c) is underestimated in AMPT. As previously observed fonthmeasurement, a good
agreement is observed between the selection basqgf'bandqrzec.

6 Conclusions

In summary, the first application of the Event Shape EnginggiESE) technique to Pb—Pb collisions
data measured by ALICE afsyy = 2.76 TeV has been presented.

The elliptic flow at mid-rapidity is observed to increase daraction of theqp calculated in the central
or forward rapidity regions. The modification of the coefficient as a function opr is nearly flat
below pr = 4 GeV/c, suggesting that this technique allows the selection obaalproperty of the
collision, likely related with the geometry of the partiait nucleons in the initial state. In the region
abovepr > 5 GeV/c a small increase is observed within the large statisticaértainties, possibly due
to a small non-flow contamination. In this transverse momm@ntange the elliptic flow is believed to be
driven by the different path-length traversed in- and duyplane by highpr partons in the deconfined
medium, rather than by the hydrodynamic evolution of theéesys

The pr-distributions of unidentified hadrons in tipg region (0< pr < 5 GeV/c) are harder (softer) in
event with large-g, (small-qp) values.

Identified pions, kaons and protons show a similar behavitr &vclear mass ordering in the ratio be-
tween the large g, and the unbiased spectra, thus suggesting this effect taidéoda stronger radial
flow in such events. Glauber Monte Carlo calculations resezbrrelation between the transverse par-
ticipant density and the participant eccentricity whicluldobe the origin of this effect. This indicates
that at least part of the correlation is generated in th@irstate. However, these measurements are also
sensitive to the transport coefficients in the hydrodynagwiglution. A quantitative comparison would
require a full hydrodynamic calculation and may providéngient constraints both on shear and bulk
viscosity.
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