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Abstract

The elliptic flow of electrons from heavy-flavour hadron decat mid-rapidity [y| < 0.7) is mea-
sured in Pb—Pb collisions gfsy\y = 2.76 TeV with ALICE at the LHC. The particle azimuthal
distribution with respect to the reaction plane can be patdred with a Fourier expansion, where
the second coefficient/f) represents the elliptic flow. The coefficient of inclusive electrons is
measured in three centrality classes (0—-10%, 10-20% and020)}-with the event plane and the
scalar product methods in the transverse momenmiftervals 0.5-13 GeW/and 0.5-8 Ge\d,
respectively. After subtracting the background, maingmirphoton conversions and Dalitz decays
of neutral mesons, a positixe of electrons from heavy-flavour hadron decays is observellin
centrality classes, with a maximum significance ®&dbin the interval 2< pr < 2.5 GeVtin semi-
central collisions (20—40%). The value wf decreases towards more central collisions at low and
intermediatepr (0.5 < pr < 3 GeVk). Thev, of electrons from heavy-flavour hadron decays at
mid-rapidity is found to be similar to the one of muons fronae flavour hadron decays at forward
rapidity (2.5< y < 4). The results are described within uncertainties by mealeulations including
substantial elastic interactions of heavy quarks with graexling strongly-interacting medium.
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1 Introduction

The main goal of the ALICE [1] experiment is the study of stilyrinteracting matter at the high energy
density and temperature reached in ultra-relativistiosjtéan collisions at the Large Hadron Collider
(LHC). In these collisions the formation of a deconfinedestaft quarks and gluons, the Quark-Gluon
Plasma (QGP), is predicted by Quantum ChromoDynamic (Q@Iutations on the lattice [[2+-6]. Be-
cause of their large masses, heavy quarks, i.e. charan@ beautylf) quarks, are produced at the
initial stage of the collision, almost exclusively in hardrfnic scattering processes. Therefore, they
interact with the medium in all phases of the system evatutipopagating through the hot and dense
medium and losing energy via radiative [[7, 8] and collisiawattering|[9-11] processes. Heavy-flavour
hadrons and their decay products are thus effective pro&sdy the properties of the medium created
in heavy-ion collisions.

Heavy-quark energy loss in strongly-interacting matter loa studied via the modification of the trans-
verse momentump) spectra of heavy-flavour hadrons and their decay prododteavy-ion collisions
with respect to the proton-proton yield scaled by the nunalbeinary nucleon-nucleon collisions, quan-
tified by the nuclear modification factoR{a). A strong suppression of open charm hadrons and heavy-
flavour decay leptons is observed for > 3 GeVk in central collisions, both at RHIC,(Syn = 200
GeV) [12+16] and LHC {/syn = 2.76 TeV) [17:=20] energies. The PHENIX and STAR Collabiorat
measured &aa of about 0.25 apy =5 GeVk for electrons from heavy-flavour hadron decays at mid-
rapidity in central Au-Au collisions a{/syv = 200 GeV [13:15]. In addition a simildRaa for DO
mesons was measured by STAR[12]. Similar values were megsyrthe ALICE Collaboration in cen-
tral Pb—Pb collisions at the LHC for prompt D mesons at mjgiditly and for muons from heavy-flavour
hadron decays at forward rapidity [17+19]. Theand centrality distributions of the D mes&aa are
compatible, within uncertainties, with those of chargeohgi[18]. In addition, the modification of the
pr spectra is studied separately for beauty and charm viRghef D mesons and non-prompty) from
beauty hadron decays measured by the ALICE [18] and CMS midions [[21, 22], respectively. A
hint for a smaller suppression for beauty than for charmdvaglis observed at highr in central Pb—Pb
collisions, which is well reproduced by calculations irdihg a mass dependence of the parton energy
loss [23+25].

Further insight into the transport properties of the medisirprovided by the measurement of the az-
imuthal anisotropy of heavy-flavour hadrons and heavy-tladecay leptons with respect to the reaction
plane, defined by the beam axis and the impact parameter ofitheus—nucleus collision. In non-central
collisions, the initial geometrical anisotropy in coordiia space of the nucleons participating in the colli-
sion is converted, by the interactions among the mediumtitoests, to a final anisotropy in momentum
space of the produced particles. This effect can be chaizadeby the elliptic flomv,, which is the
second order harmonic coefficient of the Fourier expansfdhe particle azimuthal distribution [26].
At low pr the measured large of light-flavour hadrons [27—30] is considered as an evidefoc the
collective hydrodynamical expansion of the medium [31,. 32h general theoretical ground, the for-
mation time of heavy quarks, shorter than If,) wheremis the mass of the quarks(0.08 fmk for
charm), is expected to be smaller than the QGP thermaliz#tize (=0.6—1 fm£ [33]) with a very smalll
annihilation rate([34]. The heavy-flavour elliptic flow measments carry information about their de-
gree of thermalization and participation to the collecexpansion of the system. It is also relevant for
the interpretation of recent results ofifJanisotropy|[35], because théyl mesons formed from charm
guarks in a deconfined partonic phase are expected to itieazimuthal anisotropy of their constituent
quarks [35, 37]. At low and intermediafg-, the v, of heavy-flavour hadrons and their decay products
is also expected to be sensitive to the heavy-quark hadtimismechanism. Hadronisation via the re-
combination of heavy quarks with light quarks from the thalimed medium could further increase the
elliptic flow of heavy-flavour hadrons and their decay prddyi88--40]. At highpt thev, measurements
can constrain the path-length dependence of the in-medamorpenergy loss, which is different for
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radiative [7) 8] and collisional [9=11] energy loss meckams. Particles emitted in the direction of the
reaction plane have, on average, a shorter in-medium pagthiehan those emitted orthogonally to it,
leading to an expected positive elliptic flow [41} 42], asexwed for charged hadrons [27] 29|, 30,/43-45].

At RHIC, a positive elliptic flow of heavy-flavour decay elemts at low and intermediater was re-
ported by the PHENIX and STAR Collaborations![14, 46] at magidity in Au—Au collisions at /Syn =
200 GeV, reaching a maximum value of about 0.1pat 1.5 GeVE in semi-central collisions. Elliptic
flow values measured at lower colliding energies are fourttetoonsistent with zero [46]. The ALICE
Collaboration measured the elliptic flow of D mesons at naigidity |47, 48] and heavy-flavour decay
muons at forward rapidity [49] in Pb—Pb collisions @yn = 2.76 TeV. At intermediatgr a positive
v, of prompt D mesons (5d effect in the interval 2 pr < 6 GeVk for the 30-50% centrality class),
and heavy-flavour decay muonsg(2ffect in the interval 3< pr < 5 GeVk for the 10-20% and 20—
40% centrality classes) is observed. The centrality degeelshows a hint for a decreasevpfowards
central collisions. At higlpr (pt > 8 GeVk for D mesons angbr > 6 GeVk for heavy-flavour decay
muons) small values of are measured, compatible with zero within large unceresnt

We report on the measurement of the elliptic flow of electrfoos heavy-flavour hadron decays at mid-
rapidity (ly| < 0.7) in Pb—Pb collisions gy/Syn = 2.76 TeV with ALICE. The measurement is performed
in the pr interval 0.5< pr < 13 GeVEt in three centrality classes 0—10%, 10—-20% and 20—40% with
the event plane method. The results complement the heaxguflalecay muorv, measurements at
forward rapidity [49] and extend towards lowpf those of D mesons at mid-rapidity [47]. Moreover,
charm hadron decays are expected to mainly contribute togtiey-flavour decay electron sample at low
pr (pr < 3GeVk), whereas at highepy the contribution from beauty hadron decays should become
relevant|[50, 51]. Therefore, the measurement of heavydiliadecay electrom, provides further inputs

on the beauty and charm elliptic flow at mid-rapidity to thetaral calculations that aim at describing
the heavy-quark interactions with the medium. The ellifittev of inclusive electrons obtained with the
scalar product method is also compared to the measuremanfitsrped with the event plane method to
study possible non-flow contributions and biases due to tthod itself.

This article is organized as follows: the experimental apjpes and data sample used in the analysis are
presented in Sectidd 2. The analysis strategy, includiaglectron identification and the procedure for
the subtraction of the background due to electrons notratgig from heavy-flavour hadron decays, are
described in Sectionl 3. The elliptic flow of heavy-flavour @gelectrons is presented in Sectidn 4 and
compared to theoretical models in Secfion 5. The summangcandusions of this article are presented
in Sectior{ 6.

2 Experimental apparatus and data sample

The ALICE experimental apparatus is described in detailjbR]. The global reference system has the
z-axis parallel to the beam line, theaxis pointing towards the centre of the LHC acceleratog eand
they-axis pointing upward. In the following, the subsystemg #ra relevant for the heavy-flavour decay
electron analysis are described.

Charged particle tracks are reconstructed at mid-rap{ffity< 0.9) in the central barrel of ALICE with
the Time Projection Chamber (TPC) and the Inner Trackinge®ygITS). The electron identification
uses information from the ITS, TPC and the Time-of-FlighD@) detectors in th@r interval 0.5< pr

< 3 GeVkt and from the TPC and ElectroMagnetic Calorimeter (EMCathapr interval 3< pr < 13
GeVLe. In the following, the two identification methods will be eefed to as ITS-TPC-TOF and TPC-
EMCal analyses, respectively. These detectors are logaditk a large solenoidal magnet that provides
a uniform magnetic field of 0.5 T along the beam direction. @&hent characterization is performed with
two scintillator detectors, VO, used for triggering, catity and reaction plane estimation. Together with
the Zero Degree Calorimeters (ZDC), they are used to fugblerct events offline.
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The ITS [53] detector consists of six cylindrical silicorydas surrounding the beam vacuum tube. The
first two layers are positioned at 3.9 and 7.6 cm radial déstdrom the beam line. Dealing with the high
particle density in this region requires an excellent pasitesolution, which is achieved with Silicon
Pixel Detectors (SPD). The third and fourth layers are thdpositioned at 15 and 23.9 cm and consist
of Silicon Drift Detectors (SDD), while the two outermosyéas are radially positioned at 38 and 43 cm
and are made of Silicon Strip Detectors (SSD). The four SD®D 38D layers enable charged-particle
identification via the measurement of their energy Ids&id with a resolution of about 10-15%.

The TPC [54] detector has a cylindrical shape with an inndiusaof about 85 cm, an outer radius of
about 250 cm, and a length of 500 cm. The TPC is the main trgolt@iector of the central barrel
and is optimized to provide, together with the other certeaitel detectors, charged-particle momentum
measurement with excellent two-track separation andgbaitientification. For a particle traversing the
TPC, up to 159 space points are recorded and used to estisafecific energy loss. The resolution of
the cE/dx mesured in the TPC is approximately 6% for minimume-ionizozgticles passing through the
full detector.

At a radial distance of 3.7 m from the beam axis, the TOF detd&6] improves further the particle
identification capability of ALICE. It provides a measuramef the time of flight for the particles from
the interaction point up to the detector itself with an olleessolution of about 80 ps for pions and kaons
at pr = 1 GeVk in the Pb—Pb coallision centrality intervals used in thislgsia. The measured time-of-
flight of electrons is well separated from those of kaons antbps up topr ~ 2.5 GeVtandpr ~ 4
GeVlc, respectively.

The EMCal [56] is a Pb-scintillator sampling calorimetecdted at a radial distance of about 4.5 m from
the beam axis spanning the pseudorapidity rande 0.7 and covering 107in azimuth. The cell size

of the EMCal is approximately 0.014 rad).014 inA¢ x An. The energy resolution has been measured
to be 1.7511.1A/E(GeV)®5.1E(GeV)%. The EMCal increases the existing ALICE capabiditte
measure high-momentum electrons.

The VO detectors [57] consist of two arrays of 32 scintilidttes covering the pseudorapidity ranges 2.8
< n <5.1(VOA)and—3.7< n < —1.7 (VOC), respectively. The two arrays are arranged in fgs
each around the beam pipe. The VO detectors are used to bebsti-beam interactions online. For
Pb—Pb collisions, the total signal amplitude is fitted witthadel based on the Glauber approach, which
is used to classify events according to their centralitgsds [58], which correspond to percentiles of
the hadronic cross section. For instance, the 0-10% ciyitkdss corresponds to the 10% most central
events. In addition, the azimuthal segmentation of the Vig@alers allows for an estimation of the
reaction plane direction.

The ZDCs|[59] are located on both sides of the interactiomtpati z~ +114 m. Parasitic collisions of
main bunches with satellite bunches are rejected on the b&#ie timing information from the neutron
ZDCs.

The results presented in this paper are based on a data safitdePb collisions recorded with ALICE
in November and December 2011#@yn = 2.76 TeV. The events were collected with a minimum-bias
interaction trigger using information of the coincidendesmnals between VOA and VOC detectors.
Central and semi-central Pb—Pb collisions were selectédeoby applying thresholds on the VO signal
amplitudes resulting in two separate trigger classes f@eshd semi-central triggers). In addition to the
central and semi-central data samples, events selectdteldyMCal trigger are analysed. The EMCal
trigger required an EMCal cluster energy summed over a gobux 4 cells, implemented as a sliding
window, larger than an energy threshold. A centrality-aejent energy threshold was used, varying
approximately from 7 GeV in the 0-10% centrality class to 2/@ethe 80-90% centrality class. The
EMCal trigger is in coincidence with the minimum-bias trégg Detailed trigger information for the
ALICE apparatus are reported (n [52].
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Centrality class Trigger system  Nevents  Lint (Ub™1)

0-10% Central trigger 1610° 19.6
10-20% Semi-central trigger  >dl.(P 5.2
20-40% Semi-central trigger  >8L.C° 5.2
10-20% EMCal trigger 0xX 10° 29.1
20-40% EMCal trigger & 10° 24.4

Table 1: Number of events and integrated luminosity for the différeiggers (see text) and centrality classes
considered in this analysis. The centrality classes areeegpd as percentiles of the hadronic cross section [58].

Only events with a reconstructed interaction vertex (prinvartex), determined by extrapolating charged-
particle tracks to the beam line, witl < 10 cm from the nominal interaction point are used in the
analysis in order to minimize edge effects at the limit of deatral barrel acceptance. In addition, the
z position of the primary vertex reconstructed using tratsktiefined by hit pairs in the SPD is required
to agree within 0.5 cm with the one of the primary vertex retarcted with tracks. Since the mea-
surements could be biased by multiplicity outliers, thetidity estimated with the VO information is
compared to that estimated using the number of reconstrticteks in the TPC. Events with an absolute
difference between the centrality estimated with the V@detrs and the one estimated with the TPC
detector larger than 5% are rejected from the analysis. Vasteselection removed about 5% of the
total number of events depending on the trigger and the aéptof Pb—Pb collisions. The number of
events analysed after applying the event selection aegllist Tabld 1L for the different centrality classes
and triggers together with the corresponding integratedrosity. The EMCal trigger is not used in the
0-10% centrality class because of the high statistics eetliie/ith the central trigger.

3 Data analysis

The elliptic flow of electrons from heavy-flavour hadron dﬁﬁ:a‘;iHHF is obtained from the mea-
surement of the inclusive electron elliptic floﬁ by subtracting the elliptic flow of electrons which do

not originate from heavy-flavour hadron deca@",g. Exploiting the additive property of the particle
azimuthal angle distribution with respect to the reactitzamga,vgi «HF can be expressed as:

Vg*<—HF _ (1+ RSB)Vgt _Vszg

Rsg

(1)

whereRsg is the ratio of the heavy-flavour decay electron yield to tfdtackground electrons. In this

paper, electrons from heavy-flavour hadron decays incligtgrens from quarkonium decays, whose
contribution is however expected to be small as discuss&dation 3.4. In the following sections, the
vgiand Rsg measurements are presented, as well as the two procedtdmmine/gkg.

3.1 Track selection and electron identification

Electron candidate tracks are required to fulfil the tradkat®n criteria summarized in Talllé 2. Tracks
are selected by requiring at least 100 associated spacts fioithe TPC with at least 90 used for the
dE/dx calculation and a value of the?/point of the momentum fit in the TPC smaller than 3.5. These
selection criteria suppress the contribution from shatks, which are unlikely to originate from the
primary vertex. To further reduce the contamination fromtiples originating either from weak decays
of light hadrons or from the interaction of other particletivthe detector material, only tracks with a
maximum value of the distance of closest approach (DCA) ¢opttimary vertex in both tha&y-plane
(DCA,y < 2.4 cm) and the direction (DCA, < 3.2 cm) are accepted. In addition, in order to minimize
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Analysis ITS-TPC-TOF TPC-EMCal
pr range (GeW) 0.5-3 3-13
lyl <0.8 <0.7
Number of TPC points > 100 > 100
Number of TPC points inl8/dx calculation > 90 -
Ratio of found TPC points over findable > 0.6 > 0.6
Xx?/point of the momentum fit in the TPC <35 <35
DCA,y <2.4cm <2.4cm
DCA, < 3.2cm <3.2cm
Number of ITS hits >5 >3
Number of hits in the SPD layers 2 >1

Table 2: Summary of the track selection criteria used in the analyses

the contribution of electrons coming fropconversions in the detector material at large radii, hitsaitin
SPD layers are required for all selected tracks in the ITE&-T®F analysisffr < 3 GeVk). Tracks are
required to have at least three out of the four possible hitsa external layers of the ITS (SDD and SSD)
in order to have at least thre&ftix measurements to be used for the Particle IDentification XPTBis
guarantees a good patrticle identification based on Bfebdin the ITS. Since the azimuthal coverage
of the EMCal had a significant superpaosition with parts of D detector that were not active during
the data taking, this approach has to be modified for the TRIC# analysis pr > 3 GeVKk). In this
case, at least one hit in any of the two SPD layers is requinddtee minimum number of associated ITS
hits is reduced to 3. This results in a larger contributiorarfversion electrons in the inclusive electron
sample. The signal-to-background ratio is, as a consegqueantaller in the TPC-EMCal analysis than
in the ITS-TOF-TPC analysis at the same

prrange TPCH/dxcut ITS E/dxcut TOF compatibility E /p matching

(GeVic) with e hypothesis
05-15 -1<nlfc<3 |nI5 <1 InTOF| < 2
1.5-3 0<nlP€<3 |nlIS|<2 InTOF| < 2
38 -1<nlf¢<3 0.8<Elp<12
8-13 —-1<nlPt<3 —2 < nEMcal 3

Table 3: Summary of the electron identification criteria used in thalgses (see text for more details).

Electron identification is mainly based on the measuremighespecific energy loss in the TPGHfdlx).
The discriminant variable used]FC, is the deviation of this quantity from the parameterizegcibn
Bethe-Bloch|[60] expectation value, expressed in unithefde/dx resolution [52]. This distribution is
shown as a function of the track momentum in semi-centrgtjtied events for the 20-40% centrality
class in the upper left panel of Figure 1. In the low momentegian the kaon, proton and deuteron
dE/dx bands cross that of electrons. In addition, the particletiieation at high momentum is limited by
the merging of the B/dx bands of electrons, pions, muons and other hadrons, thenfe information
of other detectors is mandatory to select a pure sample cfefes. Tablé3 summarizes the PID cuts.

At low pr (0.5< pr < 3 GeVk), the measured time-of-flight in the TOF detector and tBéddin the
ITS are used in addition to the TPEx to further reject hadrons. In the top right panel of Fiduréh,
nIPC distribution is shown after requiring that the measurecetiohflight of the particle is compatible
with the electron hypothesis within two sigmas, where sigsnthe time-of-flight resolution|0/°F| <
2). The kaon and proton contributions in the low momentumoregre reduced but not completely
removed due to wrongly associated hits in the TOF detectbis Jource of contamination is further
suppressed using th€dix in the ITS. This selection is applied using thgS variable, defined in the
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Fig. 1: n[PC distributions as a function of momentum in semi-centraH&%) Pb—Pb collisions ays\N =2.76
TeV. Upper left panel: no ITS or TOF electron identificatisrapplied. Upper right panel: the TOF-PID (see text)
is applied. Lower panel: the TOF and ITS-PID (see text) ata bpplied.

same way as for the TPC. Electron candidates are selectednjjit| < 1 for 0.5< pr <1.5 GeVtand
with |niIS| < 2 for 1.5< pr < 3 GeVk, where the particles species are less separateff$n In the
lower panel of Figur&ll, thelPC distribution is shown after the additional electron idéadition criteria
in the ITS are applied. A pure electron sample is obtainedebscting tracks with- 1 < n’P¢ < 3 and
0 < nlP€ < 3in the intervals 0.5 pr < 1.5 GeVt and 1.5< pr < 3 GeVk, respectively. In order to
keep the contamination below 5%, the stronger requirenrettid pr interval 1.5< py < 3 GeVk is
applied due to the merging of the pion and electr&iids bands in the TPC.

In the pr interval 3—13 GeW, the electron identification is based on the measuremehtofPC dE/dx
and theE/p ratio, whereE is the energy of the EMCal cluster matched to the prolongaicthe track
with momentump reconstructed with the TPC and ITS detectors. Unlike forrdiasl the raticE/p is
around 1 for electrons, because they deposit most of theiggrin the EMCal. In addition, the EMCal
cluster shape is used to improve the purity of the electranpss, because the profile of the shower
produced by electrons is more circular than the one prodbgdthdrons([61]. In theoy interval 8-13
GeVlc, the EMCal PID selection is applied in termsr§'©@, which is defined as the deviation of the
measurede/p from the expected E/p) for electrons obtained from data and normalized by the wadith
the electrorE/p distribution obtained with a fit Gaussian function. Eleotmandidates are selected with
the identification criteria-1 < nJF¢ < 3 and—2 < nEMCa < 3 in the pr interval 8< pr < 13 GeVE.

The hadron contamination in the- interval 0.5-3 GeW is estimated by fitting in momentum slices
the TPC dE/dx distribution after the TOF- and ITS-PID selections with anaaution of Landau and
exponential functions, similarly to what was donelin [620r By > 3 GeVLk, the hadron contamination
is obtained from thé&/p distribution of reconstructed tracks in momentum slicésradpplying only the
TPC-PID selection. The estimated hadron contaminatioowet than 5% up te@y = 8 GeVE with neg-
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Fig. 2: Deviation of the measure/p from the expectedE/p) of electrons divided by thE/p resolution aEMCa)
for tracks in thepr interval 8-10 GeW in semi-central (20-40% centrality class) Pb—Pb collisiah,/Syny =
2.76 TeV. Electron and hadron candidates are selectedhétfiPC d&/dx by requiring—1 < nf°¢ < 3 and—5 <
nIP€ < —3.5, respectively.

ligible dependence on centrality, event plane and psepabta and therefore it is not subtracted. The
possible effect induced by this contamination is considiénghe systematic uncertainties, as discussed
in Sectior_3.B. For highepr (8 < pr < 13 GeVk), the contamination of hadrons is subtracted statisti-
cally from the electron sample in tmEMC2! distributions before calculating . ThenEMC? distribution

for tracks in thepr interval 8< pr < 10 GeVk in semi-central (20-40%) Pb—Pb collisions, &~ =
2.76 TeV is shown in Figurel 2. Electrons and hadrons careidate selected with the TPEAix by
requiring —1 < nlP¢ < 3 and -5 < nJP¢ < —3.5, respectively. TheEMC@ distribution of hadrons is
scaled to theEMC? distribution of electron candidates in the rangg < nEMC@ < 3 to determine sta-
tistically the amount of hadrons after the TPC-PID selectibhe subtracted contamination of hadrons
reaches approximately 15% and 20% in theintervals 8< pr < 10 GeVE and 10< pr < 13 GeVE,
respectively, in all centrality classes.

The rapidity ranges used in the ITS-TPC-TQF & 3 GeVk) and TPC-EMCalfr > 3 GeVk) analyses
are restricted tdy| < 0.8 and|y| < 0.7, respectively, to avoid the edges of the detectors, avtiex
systematic uncertainties related to particle identifaatncrease. It was checked, by restricting the ITS-
TPC-TOF analysis t¢y| < 0.7, that the change in the results due to the diffeyeange are completely
negligible. In the following the notatiofy| < 0.7 will be used.

3.2 Flow methods

The pr-differential azimuthal distribution of produced parésican be described by a Fourier expansion
of the Lorentz invariant distribution of outgoing momer2a1:

Ed3N _ 1 N
dp®  2m prdprdy

<1+ g 2vycogn(¢ — an)]), 2
n=1

whereE, p and¢ are respectively the energy, momentum and azimuthal ariglearticle, and¥,
the angle of the initial state spatial plane of symmetry efritth harmonic defined by the geometrical
distribution of the nucleons patrticipating in the collisioln order to determine the second harmonic
coefficientv,, the following 62 vector is measured from the azimuthal distribution of chdrparticles
(so called ReFerence Particles RFP):
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N .
Q2= _ZWieMi, 3)

where¢; are the azimuthal angles a@he multiplicity of the RFP. The weights; are described later
in the text. The azimuthal angle of ti@ vector

11 Qe
Yo = 2tan (Qz,x>’ (4)

is denoted by event plane angle and is an estimate of thed@&aomonic symmetry plane angi® [2€].

The event plane (EP) and scalar product (SP) methods ardassghsure the elliptic flow of inclusive
electrons. The two methods are described in detail in thersepart of this section. Both methods
use theaz vector, which is determined with the signal amplitudes & Y0 detectors at forward and
backward rapidity for the EP method and with the reconstidi¢tacks in the TPC at mid-rapidity for
the SP method. In the first case, the sum in[Eg. 3 is running theeeight azimuthal sectors of each
VO detector andp; is defined by the central azimuth of the i-th sector. The wisigh are equal to the
signal amplitude in the i-th sector for the selected evehiclwis proportional to the number of charged
particles crossing the sector. Non-uniformities in the Y@aptance and efficiency are corrected for using
the procedure described [n [63]. Despite these corregtaressidual modulation of up to 4% is observed
in the distribution tey/dyr in central collisions. The effect is corrected for using itiddal event
weights in order to make thg, distribution flat. The weights are obtained dividing therage expected
number of events per each interval of the event plane disiibb by the observed number of events in a
given event plane interval. In the second case, the sum i3 Egrunning over tracks reconstructed in
the TPC and selected with the following criteria: at leastag8ociated space points in the TPC out of
the maximum of 159, &2 per TPC point of the momentum fit in the range &.2¢?/point < 4 and a
transverse momentum value in the interval .91 < 5 GeVk. Additionally, tracks are rejected if their
distance of closest approach to the primary vertex is latggar 3.2 cm in the direction and 2.4 cm in
the ,y) plane. In order to minimize the non-uniformities in theragthal acceptance, no requirement
is applied on the number of ITS hits associated to tracks.Wi&ightsw; correct for non-uniformities in
the acceptance and efficiency of the TIRPC [64].

Following [64], the electron elliptic flow can be measuredhthe event plane method using the follow-
ing equation:

wep) - 2 —0a1)

(5)

where the brackets in the numerator indicate the averageetaetrons with azimuthal angig at mid-
rapidity in all the events. The fact®; is the event plane resolution correction, a quantity smétlen
unity that depends on the multiplicity and of the RFP. The resolution of the event plane determined
with the VO detectors is measured with the three sub-evettiadg48], namely the signals in the VO
detectors (both A and C sides) and the tracks in the posilive §f < 0.8) and negative{0.8< n < 0)
pseudorapidity regions of the TPC. The aver&gevalues in the three centrality classes used in this
analysis are about 0.57 (0-10%), 0.77 (10-20%) and 0.781(®8)- At highpr (8 < pr < 13 GeVk),

the hadron contamination needs to be subtracted from thésine electron sample. In this case the

of inclusive electrons is extracted from the number of etet, Ni, andNyyt, in two 90’ -wide intervals

of Ap = ¢ — g in-plane F < Ap < T and3 < Ap < 3) and out-of-plane ¥ < A < 3 and

57” <A¢ < 77"), respectively, after statistical subtraction of the le&dcontamination in each of thlep
interval. In this casey,{EP} is given by:
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The vyield of electron candidates that do not originate fraavy-flavour hadron decays, which can be
reconstructed only statistically, is measureginandA¢ intervals in order to measure the elliptic flow
of background electrons. ThéN¢édA¢ distributions of background electrons are then fitted irhgac

interval with the following function:

o\ kg
ang = "o (1+ 28 Recos2(9 — o)) (7)
whereN andv';’k@J are the fit parameters. The effect of higher harmonics,@stimated with Ed.16 and
[4is assumed to be negligible.

The measurement of the elliptic flow with the scalar produethad [65] 66], a two particle correlation
technique, is given by:

B

1 (U5)
2 \/<@.@> W@.@
MA M MA  MB

whereM” andM® are the multiplicities an@é and 65 are the@z vectors of two sub-events A and B,
determined from TPC tracks in the positive<{0On < 0.8) and negative{0.8 < n < 0) pseudorapidity
regions, respectively. The brackets in the numeratorsateithe average over electrons with unit vector
of the momentum at the primary vertex projected on the trersgvplaned’ (T5) in the sub-event A
(sub-event B). The sub-event procedure is applied in oodgvdid auto-correlations between the electron
candidates and thé} vectors, and in order to suppress non-flow contributiorks lesonance decays
and particles produced within jets.

VZ{SP} =

(8)

The elliptic flow measurements carried out with the evemi@lanethod could lead to ambiguous results
lying between the event-averaged mearvalue and the root-mean-square value, as a consequence of
the presence of event-by-event flow fluctuations [66]. Thasbiguities are resolved using the scalar
product method, that always yields to the root-mean-squalte.

3.3 Inclusive electron elliptic flow and systematic uncertities

The measured elliptic flow of inclusive electrons is showirigure[3 in the centrality classes 0-10%,
10-20% and 20-40% as a function @f using the event plane (black markers) and the scalar product
(red markers) methods. The full markers represent thetseshitained with the central and semi-central
triggers, while in the 10-20% and 20-40% centrality clagisese obtained with the EMCal trigger are
reported with open markers. The EP and SP methods give temisissults in the fulpr region and no
effects due to possible ambiguities in the EP with respettieaSP method [66] are seen in this analysis.
However forpr > 3 GeVk the v, values measured with the EP tend to be lower than those negasur
with the SP. This indicates a possible stronger suppresditre non-flow effects like jet and resonance
contributions with the EP method, for which tmegap between the electron candidates and the VO
detectors is large. For both methods, the valuegSdhcrease from central to semi-central collisions.
This effect is more pronounced in the intermedipteregion 1< pr < 4 GeVk.

Several sources of systematic uncertainty affecting thetren elliptic flow measurement are considered.
In the case of the EP method, two systematic uncertaintyceswan affect the event plane resolution

10
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Fig. 3: pr-differential inclusive electrom, at mid-rapidity in Pb—Pb collisions gfsyy = 2.76 TeV measured in
the centrality classes: 0-10% (left), 10—-20% (middle) abed®% (right). The symbols are placed at the centre of
the py interval whose width is shown by the horizontal error batse Vertical error bars and open boxes represent
the statistical and systematic uncertainties, respdgtifesults with the event plane and scalar product method
are reported with black and red markers, respectively. én1ib—20% and 20—-40% centrality classes the results
obtained with the EMCal trigger are reported with open blaclkkers.

correction factoR,. The first source arises from the presence of non-flow cdivak between the two
TPC sub-events used to calculate the resolution. A widerdusapidity gap |An| > 0.4) is used in the
systematic studies. A maximum difference of 2% was obseivedost central collisions, while in the
more peripheral ones the difference was observed to beertiadin 1%. The second contribution is due
to the variation ofR, within the centrality classes used for the analysis. Thiigine electron yield is
assumed to be flat within a centrality class when compu&ngThe resulting systematic uncertainty is
estimated by recomputing tti value for each centrality class as weighted average of thesdn finer
centrality intervals (of 5 percentiles) with weights givienthe corresponding electron yields. Siike
strongly depends on the centrality, in the most centralsiolis the systematic uncertainty is found to be
larger (2.7% in the 0—10% centrality class) than in the mergpperal ones (1%).

For both methods (EP and SP), the systematic uncertaintiodbe hadron contamination in the electron
sample is estimated fgor < 8 GeVk by comparing the inclusive electron results with the ones
obtained after statistically subtracting the hadron ébation. The resulting uncertainty is found to be
of the order of 1% at lowpr, increasing up to 5% gir = 8 GeVk.

In order to study the stability of the measurements as aifumof the applied selection criteria, the track
selection and PID cuts are systematically varied aroundighge chosen in the analysis. The standard
deviation of thes, value distribution obtained with different selection erit in eachpr interval is taken

as systematic uncertainty. This contribution is small (2%w pr (pr < 3 GeVk), whereas it becomes
the dominant source of uncertainty at high reaching an average of 35% ovy@r and centrality class
for pr > 8 GeVk dominated by the PID cut variation.

The events selected with the EMCal trigger could have a bi#tsg event plane direction induced by the
triggering in the limited azimuthal coverage of the EMCaled¢or. According to a trigger simulation
study, the effect on the elliptic flow measurement is expktrdoe larger for particles that do not generate
a trigger signal in the detector, like hadrons, than for thgigles which triggered the event (electrons,
photons). The systematic uncertainty is estimated as ffezatice between the of charged particles in
full azimuth measured in the semi-central triggered evantsthev, of charged particles in the EMCal
azimuthal coverage and triggered by the EMCal detector. sjhematic uncertainty increases wjth
and it is found to be of the order of 20% in the 10-20% cenyraliass and less than 5% in the 20-40%
centrality class. The various systematic uncertaintiedinally added in quadrature.

11
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3.4 Correction for background electrons

The inclusive electron candidate sample consists of thi@a ocomponents:

1. electrons from heavy-flavour hadron decays and dielectezays of quarkonia (e.g/{, Y);

2. photonic background electrons from Dalitz decays oftliggutral mesons and the conversion of
their decay photons in the detector material, as well as friotmal and real thermal photons from
hard scattering processes, the latter converting in thenmhof the detector;

3. background electrons from weak K> e* 117 v (Ke3) decays, and dielectron decays of light vector
mesons.

In this analysis, electrons from quarkonium decays araided in the definition of heavy-flavour decay
electrons. The only relevant contribution arises frofgy dlecays, which amounts to about 5.5% in the
interval 3—4 GeW¢ in central collisions and decreases towards higikerlt was estimated by using an
interpolation at,/s= 2.76 TeV of thepr—differential cross section measured in pp collisions &bua
centre of mass energies [67] and scaling with the measurddarumodification factor [68, 69].

In order to obtain the elliptic flow of heavy-flavour decayattens, the background contributions are
subtracted from the inclusive electran The background electron yield is dominated by the contibbu
of photonic electrons. The background from electrons fram-photonic sources, namely weak K

e" 1" Ve (Ke3) decays, and dielectron decays of light vector mesons diseith negligible as discussed
in Sectio_3.4.2. Two strategies are adopted for the ehe(ttacmkground/?kg subtraction depending on
pr: the invariant mass method [46] (Sectlon 3/4.1) is usedvatdp (pr < 1.5 GeVE), while a cocktail
method [70] (Section_3.4.2) is used fpr > 1.5 GeVE, because of the lower yield of background
electrons.

3.4.1 Invariant mass method

Electrons from direcy decaysy-conversions and Dalitz-decaysmt andn mesons are always produced
in electron-positron pairs with a small invariant masg-¢-) following a Kroll-Wada distribution|[71]
peaked at zero. Such correlation does not hold for heavgtitagiecay electrons. This property is used
in the invariant mass method to measure the photonic efedtackgrounds. The fraction of Dalitz
decays of higher mass mesons, ¢, @), estimated with the cocktail method, is found to be neblayi
Photonic electrons are reconstructed statistically byinmpian electron(positron) track with opposite
charge tracks identified as positrons(electrons), caltsb@ated electrons in the following, from the
same event selected with the requirements listed in Tabl@he pair invariant mass distribution is
computed in eaclpy andA¢ interval of the inclusive electron tracks. The combinatbbiackground is
subtracted using the like-sign invariant mass distribbuiothe same interval. A summary of the selection
criteria applied on the electron-positron pairs is preseiir Tabld 4.

Due to detector acceptance and inefficiencies, not all plmtdectrons of the inclusive electron sample
are identified with this method. Therefore, the raw yield efanstructed photonic electrons is cor-
rected for the efficiency to find the associated electrorifmog with the selection criteria described
above. This efficiency is estimated with Monte Carlo siniats. A sample of Pb—Pb collisions with
enhanced® andn yields was generated with HIJING v1.36 [72]. The transpémarticles in the de-
tector is simulated with GEANT3 [73]. The simulatel andn pr distributions are weighted so as to
match the measured® and it pr spectral[74, 75] and the correspondingpr spectra assumingi-
scaling [76] 7/7], respectively. The photonic electron restauction efficiency increases with tipg of
the electron, reaching a value of about 60% at hpgh The inclusive-to-background ratio (1Rsg) is

12
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Associated electron cuts
pr 355°¢(GeVKk) > 0.15 for 0.5< pr < 3GeVkL
> 0.3 for 3< pr < 8GeVk
> 0.5 for 8< pr < 13GeVE

|y2sso§ <0.9
Number of TPC points >80
Number of ITS hits >2
DCAZ®° <2.4cm
DCA3gssoc <3.2cm
TPC cE/dx cut —3<nlP€<3
Electron-positron pair cuts
Meie (MeV/c?) < 70 for 0.5< pr < 3GeVk

< 140 for 3< pr < 13GeVt

Table 4: Selection criteria for reconstructing photonic electrofi$e transverse momentum of inclusive and
associated electrons is writt@r and p3s°$ respectively.

calculated by dividing the inclusive electron yield by thelg of photonic electrons corrected for the
efficiency to find the associated electron. Fidure 4 shovesrttio for the 0-10% (left), 10-20% (mid-
dle) and 20-40% (right) centrality classes. The full maskepresent the measurements obtained with
the centrality-triggered samples, while in the 10—-20% abedP% centrality classes the results for the
EMCal-triggered sample are reported with open markers.shiedl decrease observedmt= 3 GeVkt

is due to the different requirements on the minimum numbdnitsfin the SPD layers for the two elec-
tron identification strategies. F@x larger than 2.5-3 Ge¥/the contribution from heavy-flavour decay
electrons starts to be dominant in the inclusive electrompba.

oy R B e e e e e | L B B L e I S L

%15:_ 0-10% Pb-Pb, s, =2.76 Tev T 10-20% Pb-Pb, VS = 2.76 TeV | 20-40% Pb-Pb, VSyn = 2.76 TeV ;

%n [ -+ Centrality trigger T ALICE | <0.7

I F . T

m I - EMCal trigger

~ 10| % + + .

+ L

(0]

ot [ 1 [ i

= I T I 1

3 5t ---_— 1 ED:?:I:#:I_

2 r o | 1 r <1 1

= :“uu“ i ,ﬁ'ﬂﬂ === [t :
0]...|...|...|...|...|...|..."|.-..|...|...|...|...|...|...'|...|...|...|...|...|...|...'

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12

P, (GeV/c) P, (GeVic) P, (GeVic)

Fig. 4: Ratio of the inclusive electron yield to the one of backgmetectrons obtained with the invariant mass
method in Pb—Pb collisions gisyn= 2.76 TeV in 0-10% (left), 10-20% (middle) and 20-40% (r)gtentrality
classes. The vertical error bars and open boxes represestitistical and systematic uncertainties, respectively

The measurement cvfkg (see EqlL) at lowpr (pr < 1.5 GeVE) is performed with a fit to the d/dA¢
distributions of photonic electrons reconstructed withitivariant mass method in eaph interval (see
Eq.[7). At higherpr (pr > 1.5 GeVE), the electron yield becomes too small to performraandA¢g-
differential measurement of the photonic electrons. FEglshows the, of photonic electrons measured
with the invariant mass method (full markers) as a functibpyan the centrality classes 0—10%, 10-20%
and 20-40%.

The systematic uncertainties of both the inclusive-takgemund ratio andg’kg are estimated by varying
the selection criteria listed in Tablé 4. Fpf > 8 GeVkt the TPC and EMCal PID requirements for
the inclusive electron candidates are also varied in oml&ake into account possible systematic uncer-
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tainties from the estimation of the hadron contaminatiamaddition, for the inclusive-to-background
ratio the small dependence of the photonic electron renastiin efficiency on they spectra of the
background sources is taken into account by calculatingffiency for differenti® andn pr spectra.
The dependence of the centrality on the systematic unogrtaf the inclusive-to-background ratio is
found to be negligible. The contributions to the inclusieebackground ratio systematic uncertainty are
summarized in Tablgl5: the final overall systematic uncefais obtained summing in quadrature the
different contributions. Fovgkg, the systematic uncertainty of the event plane correctotof R, is es-
timated using the same procedure as for the inclusive eleesrand is found to be the same. Moreover,
the difference between thékg measured with the invariant mass method and the one obtaitiethe
cocktail method is taken point by point and added as an additisource of asymmetric systematic un-
certainty up topt = 1.5 GeV£ (about—20% in the centrality class 0—-10% anrd.0% in the semi-central
centrality classes 10-20%, and 20-40%). The systematiertanaties coming from the variation of the
selection criteria are found to be of the orderd620% in the 0—10% most-central collisions a#d0

% in the centrality classes 10-20% and 20—40%. Finally, tteeadl systematic uncertainty on the mea-
suredv5*? obtained after summing in quadrature the different contidins, are estimated to bggee in
the 0-10% centrality class andy in the centrality classes 10-20% and 20-40%.

pr range (GeW): 0.5-1.25 1.25-3 3-8 8-13

Minimum number of TPC points 2% 2% 5% -
for the associated electrons

Minimum pr of the associated electrons 6% 6% - -

Maximum Mg o 5% 5% 10% 5%
for the electron-positron pair

Influence of thept spectra 5% 10% 5% 3%
of photonic sources

Hadron contamination in the inclusive electron sample - - - % 3

Table 5: Systematic uncertainties of the inclusive-to-backgroraim (1 +Rsg). The centrality dependence of
these systematics is found to be negligible. (see text foerdetails).

3.4.2 Cocktail method

The vgkg was also estimated using the cocktail method. A cocktailedteon spectra from background
sources is calculated using a Monte Carlo event generataadron decays. This method requires that
the momentum and elliptic flow distributions of the releveatkground sources are well known.

The following electron background sources are includetiéncocktail simulation:

Dalitz decays of°®, n, w, n’, @

Dielectron decays af, p°, w, n’, @

Conversions of decay photons fram, n, p°, w, n’

Real and virtual conversion of prompt and thermal photons

The contribution from dielectron decays of light vector ores is small (below 5% of the total back-
ground electrons considered above). For the consisterityti invariant mass method, the contribu-
tions from K3 and quarkonia (e.gl/y andY) decays to the inclusive electron spectrum are not included
in the background cocktail. ThedfandY contributions are not expected to be relevant infheange

of the analysis. In pp collisions gfs =7 TeV and,/s = 2.76 TeV, the relative contribution fromg{
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decays to the electron background was observed to decrdsprwfrom a maximum of 0.5% gbr =
0.5 GeVE for the same track requirement in the first pixel layer [62]islexpected to stay below 1%
in Pb—Pb collisions in th@r range considered after taking into account the diffeRapt of the 7° [74]
and K* [75].

Neutral pions play an important role in the cocktail. Tpge and v, distributions of all light scalar
and vector mesons included in the cocktail are deduced fremt spectra assumingy [76,177] and
KET [28,/78+80] scaling, respectively. Indeed, electrons frdhdecays are the most important back-
ground source, except in the 0-10% and 10-20% centraligsetafor high electropy (pt > 8 GeVk
and pr > 10 GeVE, respectively), where contribution from direct photorartstto dominate. The con-
tribution of ° decays to the electron background is twofold: via the Dalézayr® — e"e~y and via
conversions in the detector material of photons from theyge€ — yy.

S 10° & e 0.35:‘”\“‘\“w“‘\“‘\“w“‘“““:
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Fig. 5: Measuredpr spectral[75] (left) and, [28,145,81] (right) ofrt™ in the centrality class 10-20% in Pb—Pb
collisions at,/Syn = 2.76 TeV, together with the fit and extrapolation used indbektail method. The ratios of
data over the fit are shown on the bottom panels. fiher spectrum|[74] is also shown. The vertical error bars
and open boxes represent the statistical and systematctaimties, respectively.

In principle, ther® pr andv, distributions used in the Monte Carlo event generator shbalbased on
measuredt® spectra|[74] and,. However, because of the higher statistical precision efctmbined
charged piompy spectral[75] and the fact that neutral-pion and charged-pjospectra are found to be
consistent, the average of the measured chargedgi@pectra,(m" + 1) /2, is used as input for the
cocktail calculations. The upper-left panel of Figlife 5vehithe comparison of the neutral and charge-
averaged yields of pions in the centrality class 10—20%ttagenith a fit to therr™ data with a modified
Hagedorn function [82]. Ther spectra are extrapolated up to 25 GelMging the fit function. In the last
pr interval of the measured inclusive electron spectra<1fr < 13 GeVEk), about 10% of electrons
from Dalitz ° decays are expected to come frorm@with a pr larger than 25 Ge\¢ At such high
pr, due to the similaw, of all particle species at higpr, this contribution is found to be negligible.
The systematic uncertainty on the heavy-flavour decayrelegp arising from the background sources
is estimated to be smaller than 6% in the last fwantervals 8—10 and 10-13 Ged/The bottom-left
panel of Figurds shows the ratio of thie® data, as well asi® data, to the fit function. The former
is consistent with unity within 5% over the fufly range, whereas the latter is considered in\tfﬁg
systematic uncertainties.

The pr-dependentt™ elliptic flow [28,145,81] is used as input for the cocktail @aktions. The upper-

15



Elliptic flow of electrons from heavy-flavour hadron decays LIBE Collaboration

>N [ T T T ‘ T T T ‘ T T T T T T T T T T T T T T T ]
0.25 . ]
r e* from 10 Dalitz decays ]
0.2F -
0151 8. ALICE Simulation
L > + —°- i
e - 1
0.1 ° R -
[es - o i
[* oo *1.7+{}++ i
L o oo —o— o5 o -
0.051;, N
[°  10-20% Pb-Pb, |5 =276 TeV |
b L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ]

OO 4 6 8 10 12 14
P, (GeVic)

Fig. 6: v, of electrons fromr® Dalitz decays (red markers) angl of 7° (blue markers) as a function @k in
the centrality class 10-20% in Pb—Pb collisiong/aN = 2.76 TeV as obtained from the simulation used in the
cocktail method. Only statistical errors are shown.

right panel of Figuréls shows the of charged pions measured in the 10-20% centrality clastheg
with the fit function that is used in the cocktail simulation§he ratio of the data to the fit function
is presented in the bottom-right panel. Measurements et with the scalar product| [28] and
event planel[45, 81] methods have been used at low-inteateepi (pr < 6 GeVk) and higherpr
(3 < pr < 16 GeVk), respectively. The scalar product and event plane methiodscompatible results
within the uncertainties in the commar range 3< pr < 6 GeVk. Thev, values are extrapolated from
pr = 16 GeVE up to pr = 25 GeVE. The elliptic flow of electrons fronm® Dalitz decays is estimated
from that of 1° mesons using the PYTHIA 6_[83] event generator to simulageDhlitz decay. The
parameterized, of 71° and the one of their decay electrons are shown in Figure 6@sctidn of pr.

The treatment of electrons from photon conversions in thieatler material uses the GEANT4 func-
tionality of pair production|[84]. It has been implementedthe cocktail by forcing all decay photons
to produce anee pair immediately after their creation without propagatthgm through the ALICE
apparatus. The contribution of electrons from photon crgiwas is scaled according to the radiation
length of the crossed material. At log+ (pr < 3 GeVk), electron tracks are required to be associated
with two hits in the SPD. The effective converter thicknesestimated to b&/Xy = (0.77 + 0.07)%,
including the beam pipe, air and part of the innermost piagel aty = 0 [62]. The indicated radiation
thickness is averaged over the pseudorapidity range ofthlgss. At highempr (pr > 3 GeVk), tracks
with one hit in the SPD are also used. Therefore, the matefthle second pixel layer is also taken into
account, leading to an effective converter thickness/¥§ = (2.15+ 0.11)% [62]. The results of the
cocktail for photon conversion were found to be consisteithin uncertainties with a full simulation
test where the generated particles were propagated ththeghLICE apparatus using GEANT3 [85].
The elliptic flow of electrons from the conversion @ decay photons is found to be comparable to the
one of electrons fronm® Dalitz decays.

The contributions of direct photons, thermal photons framhot partonic and hadronic phase and pho-
tons that could be produced in the interactions of hard eeattpartons with the medium, are included
in the cocktail of background electrons. These sources wanbgth electrons from photon conversion
in the detector material and electrons from virtual photodftse production of real prompt photons was
measured at mid-rapidity in Pb—Pb collisions in theinterval 0.9-14 Ge\WW[8€]. The spectra are fitted
and extrapolated towards lower and higlper(0.5 < pr < 25 GeVk). At intermediate-highpr (pr >

5 GeVk), the py spectrum of real prompt photons has been calculated withtodrading-order per-
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turbative QCD calculations for pp collisions at 2.76 TeV][8Ad scaled to fit the ALICE measurements
in Pb—Pb collisions.[86]. This assumes that the other dautidns are negligible in thipr range and
that the shape of thpt spectra of real prompt photons is not modified in heavy-idtistons, which

is justified by the experimental results. At Igwy, the dominant contribution of thermal photons in the
measured real direct photgt spectra was taken into account by adding an exponential ttethre fit
function. Thepr spectra of virtual photons are obtained using the Kroll-#adhction [71]. The elliptic
flow of real direct photons was measured in the centralitgyca-40%]([88]. To estimate the elliptic flow
in the smaller centrality classes 0—-10%, 10—-20% and 20—-#@84neasurement is scaled by the ratio of
the measured charged pignin the 0-40% centrality class. Finally, the elliptic flow dftual photons

is assumed to be identical to the one of real photons.

The elliptic flow of background electrons is estimated by sing the various background electron
sources according to their relative contribution to thaltbackground. The main background contribu-
tions are due ta® and prompt photons. In addition, the contributions of therphotons (at lowpy in
the 0—-10% and 10-20% most central Pb—Pb collisions)pack also relevant.
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Fig. 7: Background electrom, as a function ofptr measured with the invariant mass method (full markers) and

with the cocktail simulation (empty markers) in the 0—10&8t(banel), 10—20% (middle panel) and 20—40% (right
panel) centrality classes in Pb—Pb collisiong/ain =2.76 TeV.

The total systematic uncertainty ufkg estimated with the cocktail method is obtained by adding in
quadrature the contributions from several sources, namely

the statistical and systematic uncertainties offrendpr measurements af* and direct photons,

the quality of the fits and extrapolations of th& and direct photon spectra,

the systematic uncertainties on Er andmy scaling used to estimate tkigand py distributions
of higher mass mesons, respectively,

the approximation of tha® pr andv, distributions by the corresponding® spectra.

The first one leads to the largest systematic uncertainty.eltaluated by parameterizing the data along
the upper and lower ends of their statistical and systenugertainties added in quadrature and gen-
erating again the complete cocktail of electron spectradas these new parameterizations. The right
panel of Figurd® shows examples of such fits for thedependence of tha™ v, in the centrality
class 10-20%. The uncertainties of the measuyredpectra have a smaller influence on the resulting
vgkg than those of the measurgglspectra. The uncertainty on thdey scaling assumption is estimated
by comparing the kaow, obtained byKEt scaling to the measured onel[28]. The resulting systematic
uncertainty is 8% for 0-10%, 6% for 10—-20% and 4% for 20—40%esSE numbers are consistent with
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those reported in_[28]. Because of their similar mass, ixjzeeted that the elliptic flow off and the
one of K are similar and thus these numbers are taken dirimtihe n KEt scaling uncertainty. For
the other heavier mesons ti&r scaling does not hold precisely [28/) 80]; however, theserqthrticles
have an extremely low weight in the cocktail, and thus thesretiainties are neglected. Timg-scaling
approach ensures that, at high, the transverse-momentum distributions are the same lfonedon
species. The normalization of the heavier meson spectaivesito the pion spectrum was determined
by the ratios of heavier meson yields to neutral pion yieldkigh pr (pt > 5 GeVk). The values
together with their uncertainties used in the analysis @ert from [7/7]. At lowpt (pr < 3-4 GeVt)
some deviations from ther-scaling approach are expected due to in-medium effeatsréilial flow.
Themr-scaling based cocktail is found to be in agreement withatisttical uncertainties with a cocktail
based on the/m°-ratio measured in pp collisions gfs= 7 TeV [89]. Also, due to the similarity of the
elliptic flow of decay electrons and conversion electrongioating from the dominating mother mesons
(n° andn), the material budget uncertainty was found to have no figmit effect.

Two additional sources of systematic uncertainty reladdte electron track reconstruction were studied.
First, reconstructed electron candidates have a linptegksolution. In particular, Bremsstrahlung in the
detector material shifts their reconstructpg towards lower values. Secondly, hits in the SPD can
be wrongly associated to a track with a probability incnegsiith decreasingpy. This leads to an
increase of the amount of electrons from photon conversimesirring beyond the SPD layers in the
inclusive electron sample and a degradation ofthand¢ resolutions of tracks used in the analysis. The
resulting effects omg’kg were evaluated with the cocktail method using SPD hit mishatobabilities
and resolution maps obtained with a full simulation of thelBE apparatus. No significant change of
V29 was observed .

The vgkg estimated with the cocktail method is shown as a functiop0{0.5 < pr < 13 GeVk) in

the centrality classes 0-10%, 10-20% and 20-40% in Figutegéther with the one obtained with
the invariant mass method (05 pr < 1.5 GeVE). The results are consistent within the systematic
uncertainties in the three centrality classes.

4 Results

The elliptic flow of heavy-flavour decay electromgHHF is computed using EdJ 1. The systematic
uncertainties omgi, Rsg andvg’kg are propagated MﬁiHHF. The error propagation for the background
subtraction is based on an approximation of a second ordarmopagation [20, 91], where differently
from the Gaussian approximation, not only linear effectdhef error propagation are considered but
also quadratic effects. This is necessary especially ia t@s non-linearity of the subtraction can not
be neglected anymore. The basic concept is that the uppdpwaed systematic errors are both found
by independently varying the uncertainties of the inputaldes by one sigma up and down. The value
of v‘fHHF is obtained only with the event plane method, because thgetigpionv, measurements
with the scalar product method are not available at higlfior the estimation oflg’kg using the cocktalil
method. At low-intermediater (pr < 6 GeV/c), thef < HF extracted with the EP and the SP methods
are expected to be compatible within uncertainties, as feemthe measured inclusive electron and
charged piorv,.

Figure[8 shows the elliptic flow of electrons from heavy-flavéiadron decays at mid-rapidityy| <
0.7) as a function opr in Pb—Pb collisions at/syv = 2.76 TeV for the 0-10%, 10-20% and 20—
40% centrality classes. At lopy, the systematic uncertainties are large because of thé sigrél-to-
background ratio. The central value\tngHF is slightly increasing withpt up to~ 1.5 GeVE where

it reaches a maximum in all centrality classes. A positivés observed in all centrality classes, with a
maximum significance of 5@ in the pr interval 2—2.5 GeW in semi-central collisions (20—40%). At
higher pr, the measures, of heavy-flavour decay electrons exhibits a slight decreag® increases,

18



Elliptic flow of electrons from heavy-flavour hadron decays LIBE Collaboration

becoming consistent with zero within large uncertaint@gi > 4 GeVk. A positivev, is also observed
in the pr interval 10-13 GeW in the 20—-40% centrality class, however the large uncdrtgirdo not
allow for a conclusion.
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Fig. 8: Elliptic flow of electrons from heavy-flavour hadron decagygtie 0-10% (left panel), 10—20% (middle
panel) and 20-40% (right panel) centrality classes in Pledflisions at,/Syn = 2.76 TeV at mid-rapidity as
function of pr. The symbols are placed at the centre of thenterval whose width is shown by the horizontal
error bar. The vertical error bars and open boxes reprdsestatistical and systematic uncertainties, respewgtivel
The results are obtained with the event plane method andaagaetAn | > 0.9.
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width is shown by the horizontal error bar. The vertical etsars and open boxes represent the statistical and
systematic uncertainties, respectively.

Figure[9 shows the centrality dependence of the elliptic fibWweavy-flavour decay electrons in tvpe
intervals (1.25-1.5 Ge¥/and 2.5-3 Ge\). In the interval 1.25< pr < 1.5 GeV£ the contribution from
charm hadron decays is expected to be dominant in the hesxgufl decay electron sample, whereas in
the higherpr interval the beauty-hadron decays should start to be nefetpp collisions at/s=2.76
TeV, beauty hadron decays are indeed the dominant sour@awey+ilavour decay electrons fpf > 4.5
GeV/Ic[92]. A decreasing trend @@t “—HF towards central collisions is observed. This is consistetft

a final-state anisotropy in momentum space driven by thligjeometrical anisotropy of the nucleons
participating in the collision, which increases towarddagieeral collisions. This result indicates that the
interactions with the medium constituents transfer to hiepyarks, mainly charm, information on the
azimuthal anisotropy of the system, possibly suggestiaty¢harm quarks participate in the collective
expansion of the system.
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Fig. 10: Elliptic flow of heavy-flavour decay electrons at mid-rapydily| < 0.7) (closed symbols) as a function
of pr compared to the elliptic flow of heavy-flavour decay muonsoatvard rapidity [49] (2.5< y < 4) (open
symbols) in the 0—10% (left panel), 10-20% (middle panet) 20—40% (right panel) centrality classes in Pb—Pb
collisions at,/syn = 2.76 TeV. The symbols are placed at the centre opthiaterval whose width is shown by the
horizontal error bar. The vertical error bars and open bogpsesent the statistical and systematic uncertainties,
respectively.

The elliptic flow of prompt D mesons was measured at mid-igpid the centrality classes 0-10%,
10-30% and 30-50% fgrr > 2 GeVk [47,148]. The results are similar to those of heavy-flavouwrage
electrons after taking into account the decay kinematidsichvshifts their maximum value of, to
lower pr with respect to their parent D mesons. At forward rapidityp(@ y < 4), the elliptic flow of
heavy-flavour decay muomrgiHHFwas measured with various methods in the centrality cla&sE3%,
10-20% and 20-40% [49]. Figutel10 shows the comparisaf§ 6f "Fat mid-rapidity and/g’iHHFat
foward rapidity obtained with the two-partic@-cumulant method withAn | > 1.7. The observed, of
heavy-flavour decay leptons is similar at mid- and forwardisy.

5 Comparison with model calculations

Figure[11 shows the comparison of the measured heavy-fladecay electron elliptic flow in the
20-40% centrality class with theoretical model calculaio BAMPS [93) 94] is a partonic transport
model based on the Boltzmann approach to multi-partonesaags. Two versions are presented. In the
first one, BAMPS el..[93], heavy quarks interact with the nuedivia collisional (elastic) processes com-
puted with running strong coupling constant. The binangsigection is scaled with a correction factor in
order to mimic the contribution of radiative processes,colitdare not included. The heavy-flavour decay
electron elliptic flow and nuclear modification factor measuat RHIC are used to tune this factor. In
the second version, BAMPS el. + rad.|[94], radiative proessse included as well. In both approaches,
the hadronisation uses a vacuum fragmentation functiodAQS] is a heavy-flavour transport model
that incorporates energy loss via collisional processdis iesonance formation and dissociation in an
evolving hydrodynamic medium. The hydrodynamical expamsif the medium is constrained by the
measuredr andv, spectra of light-flavour hadrons. The hadronisation costaicomponent of recom-
bination of heavy quarks with light-flavour quarks from th&R) Diffusion processes in the hadronic
phase are also included. POWLANG|[96] is a transport modettban the Langevin transport equation
with collisional energy loss in an expanding, deconfinediomad Hadronisation uses a vacuum fragmen-
tation function. A more recent version of POWLANG [97] usesimmedium hadronisation resulting
in a largerv, for the D meson. MC@sHQ+EPOS [98] is a perturbative QCD mudhéth includes ra-
diative (with Landau-Pomeranchuk-Migdal correction [9&hd collisional energy loss in an expanding
medium. A component of recombination of heavy quarks wghtlflavour quarks from the QGP is also
incorporated in the model. The medium fluid dynamical exjganis based on the EPOS model [100].
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Fig. 11: Heavy-flavour decay electron at mid-rapidity as a function obr in semi-central Pb—Pb collisions at
VSIN = 2.76 TeV compared to model calculations [93-+96, 98].

The elliptic flow of heavy-flavour decay electrons is quailtly described by the models including sig-
nificant interactions of heavy quarks with a hydrodynantjeekpanding QGP. Mechanisms like colli-
sional processes and hadronisation via recombinatiosfgato heavy quarks and heavy-flavour hadrons
the elliptic flow induced during the system expansion, arelale to describe the measured positive
v‘;iHHF at intermediatepy. The pr dependence of, reflects the interplay between significant scat-
terings with the constituents of an expanding medium at loa iatermediatepy, and the path-length
dependence of the parton energy loss in the hot and denserraattighpr. Models which underes-
timate the elliptic flow of heavy-flavour decay electronsat land intermediatgpr (POWLANG and
BAMPS el. + rad) underestimate as well the elliptic flow of it D mesons at mid-rapidity| [48].
Similarly BAMPS el. which reproduces qualitatively theigtic flow of heavy-flavour decay electrons,
describes at mid-rapidity the prompt D mesgn48] and at forward rapidity the heavy-flavour decay
muonv; [49].

6 Conclusions

We presented the elliptic flow of electrons from heavy-flavoadron decays at mid-rapidityy( < 0.7)

in central and semi-central Pb—Pb collisiong/@kn = 2.76 TeV measured with ALICE at the LHC. The
results are presented as a function of the transverse momentthe interval 0.5< pr < 13 GeVE in
three centrality classes (0—10%, 10-20%, and 20—40%).pf ldependence of the heavy-flavour decay
electronv, shows a positivar, at low and intermediatg@y in all centrality classes with a significance
of 5.90 in the pr range 2< pr < 2.5 GeVt in semi-central (20—40%) collisions. This result indicate
that the interactions with the medium constituents transfdneavy quarks, mainly charm, information
on the azimuthal anisotropy of the system, possibly suggeshat charm quarks participate in the
collective expansion of the system. At highmr (pr > 4 GeVk) the measurew, is consistent with zero
within large uncertainties. The centrality dependencehefhieavy-flavour decay electron elliptic flow
was studied in twar intervals (1.25-1.5 Ge¢/and 2.5-3 Ge\W). At low pr the contribution from
charm hadron decays is expected to be dominant, whereas@dades at highgrr. A decrease of, of
electrons from heavy-flavour hadron decays towards morgatarollisions is observed in particular at
low transverse momentum (1.25 pr < 1.5 GeVE). Such a trend is expected from the increase of the
initial spatial anisotropy from central to peripheral @itbns. The elliptic flow of heavy-flavour decay
electrons at mid-rapidity|y| < 0.7) is found to be similar to the one of heavy-flavour decaymnsu
at forward rapidity (2.5< y < 4). The elliptic flow of electrons from heavy-flavour hadroeceys is
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compared to theoretical model calculations. The anisgtisest described by models that include
significant interactions of heavy quarks with the medium arethanisms, like collisional energy loss
and hadronisation via recombination, that transfer to hWeaarks and heavy-flavour hadrons the elliptic
flow produced during the system expansion.
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