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Measurement of single electron event anisotropy in Au+Au collisions at ./syy = 200 GeV
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The transverse momentum dependence of the azimuthal anisotropy parameter v,, the second harmonic of the
azimuthal distribution, for electrons at midrapidity (|n| < 0.35) has been measured with the PHENIX detector
in Au+Au collisions at ,/syy = 200 GeV. The measurement was made with respect to the reaction plane defined
at high rapidities (|n| = 3.1-3.9). From the result we have measured the v, of electrons from heavy flavor decay
after subtraction of the v, of electrons from other sources such as photon conversions and Dalitz decay from light
neutral mesons. We observe a nonzero single electron v, with a 90% confidence level in the intermediate-pr
region. The precision of the present data set does not permit us to conclude definitively that heavy quarks exhibit
thermalization with the transverse flow of the bulk matter.
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L. INTRODUCTION collisions. The spatial anisotropy in the initial stage of noncen-
tral nucleus-nucleus collisions is transferred into momentum

The azimuthal anisotropy of particle emission is a powerful anisotropy in the final state. The azimuthal anisotropy is

tool to study the early stage of ultrarelativistic nuclear

defined by
* dN
Deceased. —— =No {1+ 2v,cosln(d— Yrp)ly, (1)
tPHENIX spokesperson: zajc@nevis.columbia.edu d¢ "
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MEASUREMENT OF SINGLE ELECTRON EVENT . ..

where Nj is a normalization constant, ¢ is the azimuthal
angle of particles, and Wgp. is the direction of the nuclear
impact parameter (“reaction plane”) in a given collision. The
harmonic coefficients, v,, indicate the strength of the nth
anisotropy. The azimuthal anisotropy parameter v; (the second
harmonic coefficient of the Fourier expansion of the azimuthal
distribution) may be especially sensitive to the early pressure
[1]. The transverse momentum (pr) dependence of v, has
been measured for identified particles at Brookhaven National
Laboratory’s Relativistic Heavy Ion Collider (RHIC) [2-5].
Previous measurements are limited to hadrons made of light
quarks. These results show a clear mass dependence of v,
which is well reproduced by a hydrodynamical calculation [6]
in the low-py region (pr < 2 GeV/c). The agreement is
considered as evidence that the collective motion develops
in the very early stages of the reaction. It is also observed that
v, as a function of py scales via the coalescence prescription;
that is, vo/n as a function of pr/n is universal, where n is
the number of valence quarks plus valence antiquarks. This
scaling behavior is consistent with the prediction of the quark
coalescence model, which assumes a finite v, of quarks [7].
This suggests that the v, already develops in the partonic
phase for hadrons made of light quarks. In addition, if the
vy of heavy quarks is nonzero, it would support partonic level
thermalization and very high density at the early stage of the
collisions.

Electrons are a useful tool to study the production of heavy
quarks such as charm quarks. In the PHENIX experiment at
RHIC, transverse momentum spectra of single electrons have
been measured in Au+Au collisions at /syy = 130 GeV
[8] and 200 GeV [9]. The results are consistent with that
expected from semileptonic charm decays in addition to
decays of light mesons and photon conversions [8]. However,
electrons originating from semileptonic decays of D mesons
have a significant angular deviation from the original D
meson direction. The effect on v, has been shown in [10]
and [11]. The results suggest that the effect is not signifi-
cant for the decay electron v,, and the electron v, reflects
the v, of the D meson. Therefore the single-electron v,
measurement is a useful method for studying open charm
vy [12,13].

Currently the single-electron spectra from PHENIX are
consistent with two opposing scenarios: (1) initial perturbative
QCD charm production without final-state interactions and
(2) complete thermal equilibrium for charmed hadrons [14].
Therefore the measurement of the azimuthal anisotropy of
electrons from semileptonic charm decays could give us
important new information regarding the charm dynamics in
high-energy heavy-ion collisions. The measurement is also
important for the quark coalescence model, because of the
large difference between the charm quark and light quark
masses, and for the prediction of v, for the J/v and the D
meson, those contain charm quarks.

In this paper, we present the first measurement of the
single-electron v,, which is expected to reflect the heavy
flavor azimuthal anisotropy, below 4 GeV/c with respect to
the reaction plane in Au+Au collisions at \/syy = 200 GeV.
The single-electron v, was measured by subtracting from the
inclusive electron v, the v, of electrons from other sources such
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as photon conversions and Dalitz decays from light neutral
mesons.

II. DATA ANALYSIS

About 16 million minimum bias events in RHIC-Run2
(2001) for /syn = 200 GeV are used in this analysis after
a vertex cut is applied (|Zvertex| < 20 cm). In this section we
present a brief overview of the PHENIX detectors [15] used
in this analysis and then present details of event selection,
electron identification, and reaction-plane determination.

A. Overview of PHENIX detector

PHENIX consists of four spectrometer arms (central arms
and muon arms) and a set of global detectors. The central
arms are located east and west of the interaction region at
midrapidity. The muon arms are located to the north and south
at forward rapidity. Figure 1 shows the configuration of the
central arms in Run?2.

The global detectors consist of the beam-beam-counters
(BBCs) and the zero-degree calorimeters (ZDCs). These
detectors provide the time of the Au+Au collision, the
collision vertex, the event trigger, and the collision centrality.
In this analysis the BBCs are also used to determine the
reaction plane. The BBCs are installed on the north and south
sides of the collision point along the beam axis. Each BBC is
placed 144 cm from the center of the interaction region and
surrounds the beam pipe. This corresponds to a pseudorapidity
range from 3.1 to 3.9 over the full azimuth. Each BBC is
composed of 64 elements and a single BBC element consists
of a 1-in-diameter mesh dynode photomultiplier tube mounted
on a 3-cm-long quartz radiator. The ZDC is a hadron
calorimeter and measures the energy of spectator neutrons.
The ZDCs are located 18 m downstream and upstream along
the beam axis, and each ZDC covers 2 mrad of forward angular
cone, corresponding to n > 6.0.

The central arms are designed to track particles emitted
from collisions, identify charged particles, and reconstruct in-
variant masses. The central arms each cover the pseudorapidity
range |n| < 0.35 and 90° in azimuthal angle. The central arms
consist of several subsystems. In this analysis drift chambers
(DCs), pad chambers (PCs), ring imaging Cherenkov counters
(RICHs), and electromagnetic calorimeters (EMCals) are
used. The DCs are located between 2.0 and 2.4 m from
the beam axis on each central arm and measure charged particle
trajectories in the r-¢ plane. The central arms have three
layers of PCs, which are multiwire proportional chambers.
The PCs are located at 2.4 m (PC1), 4.2 m (PC2), and 5.0 m
(PC3) from the beam axis. PC1 and PC3 are installed in
each central arm, but PC2 is installed only in the west arm.
The PC measures three-dimensional space points along the
straight-line particle trajectories. A RICH, the primary detector
for electron identification, is installed in each central arm.
The RICH consists of a gas vessel, a thin reflector, and a
photon detector consisting of an array of photomultiplier tubes
(PMTs). During Run2 CO, was used as the Cherenkov radiator
so only pions with p > 4.7 GeV/c emit Cherenkov light in the
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FIG. 1. (Color online) PHENIX experiment
configuration in Run2. (Top) Cross section per-
pendicular to the beam pipe. (Bottom) East side

Beam View East

view of the cross section along the beam pipe.

ZDC South
]

South

Side View

North

RICH. The EMCal is used to measure the spatial position
and energy of electrons and photons. It covers the full central
arm acceptance of 70° < 8 < 110° with each of the two walls
subtending 90° in azimuth. One wall comprises four sectors of
Pb-scintillator sampling calorimeter; the other has two sectors
of Pb scintillator and two of Pb-glass Cherenkov calorimeter.
The central magnet (CM) provides a magnetic field around the
interaction vertex that is parallel to the beam. The CM allows
momentum analysis of charged particles in the polar angle
range 70° < 8 < 110° and provides a field integral of about
0.8T m [16].

B. Event selection

Event selection was done with the BBC and the ZDC in this
analysis. The minimum-bias trigger requires a coincidence
between north and south BBC signals. The trigger included
92.21”%:8% of the 6.9-b Au+Au inelastic cross section [17].
The event centrality is determined by combining information
on spectator neutrons measured by the ZDC and the charge sum
information measured by the BBC. The collision vertex point

S, &
% Central Magnet
4, g

ZDC North
-

MulD

along the beam line is determined by the timing difference of
the two BBCs. We required |zZyerex| < 20 cm for this analysis.

C. Charged particle selection and electron identification

Charged particle tracks are reconstructed by the DC and
the first pad chamber plane (PC1) installed in each central
arm together with the collision vertex determined by the
BBC [18]. For a reconstructed track to be selected, the track
projection to the EMCal and the position of the associated
hit in the EMCal must match within two standard deviations.
The electron candidates are required to have at least three
associated hits in the RICH that pass a ring-shape cut and are
also required to pass a timing cut. To reduce background from
hadrons and photon conversions far from the vertex, energy is
measured in the EMCal, and momentum matching (E/p) is
required. Electrons deposit all of their energy in the EMCal;
therefore the E/p is approximately 1.0. In this analysis
we require —20 < (E — p)/p < 30 to reduce background.
Figure 2 shows the (E — p)/p/o distribution. Here the o
means a standard deviation of (E — p)/p. A background of
less than 10% remains, caused by accidental association of

024901-4



MEASUREMENT OF SINGLE ELECTRON EVENT . ..

——e*,e candidate

ffffff background

-4 2 0 2 4 s
((E-p)/p)/o

FIG. 2. (E — p)/p/o distribution. We require —20 < (E —
p)/p < 30 to reduce background from hadrons and photon con-
versions far from the vertex.

tracks with RICH hits. The background level is estimated by
an event-mixing method and is subtracted when we calculate
the electron vy,.

D. Reaction-plane determination

In this analysis the values of v, are calculated by the
reaction-plane method, which measures the azimuthal angle
of the particle emission with respect to the reaction plane [19].
The azimuthal angle of the reaction plane for the nth harmonic
is determined by [19]

meas __ -1 Zi Wi Sin(”¢i)
s [m > w cos(n@)] / " @

where ¢; is the azimuthal angle of each particle used in
the reaction-plane determination and w; is the corresponding
weight. The azimuthal angle distribution of the particle
emission measured with respect to the reaction plane can be
written as Eq. (1). Because of finite reaction-plane resolution,
coefficients in the Fourier expansion of the azimuthal distribu-
tion with respect to the “measured” reaction plane (v)'***) are
smaller than coefficients measured with respect to the “real”
reaction plane (v,). The resolution correction necessary for
v is given by

Up = U:lneaS/O,U” s (3)

where v, is the real coefficient and o,, is the reaction-plane
resolution for the nth harmonic. The reaction-plane resolution
is defined as (cos n(ym* — ) [19]. The value of v"** is
obtained by fitting the azimuthal distribution (relative to the
reaction plane) with

dN meas
6= No[1 + 200 cos(ng)], 4)

where Ny and v, are fitting parameters. We can also
calculate v)'** directly by

oPe = (cos(ngd)). 5)

PHYSICAL REVIEW C 72, 024901 (2005)

In this analysis the v, is estimated by using the reaction
plane found from the second harmonic (n = 2), since better ac-
curacy of v, is obtained by using the same harmonic’s reaction
plane [19]. The reaction planes are determined by using both
BBCs. In the PHENIX experiment the reaction plane is also
determined by using the central arm detectors. One of the key
issues of the reaction-plane determination involves nonflow
effects such as jets, resonance decays, and Hanbury-Brown
and Twiss (HBT). Since each BBC is roughly three units of
pseudorapidity away from the central arms, it is expected that
the nonflow effects are smaller there than in the central arm
detectors [2].

Using the BBC information the reaction plane is measured

by
64 .
v = tan~! Zi:l qi sin(2¢;) 5 6)
> qi cos2¢r) ’

where ¢; is the azimuthal angle of each PMT and ¢; is
the charge information of each PMT. Owing to the random
distribution of the impact-parameter direction in collisions, the
reaction plane should have an isotropic azimuthal distribution.
Because of the possible azimuthal asymmetries in the BBC
response, however, the measured reaction-plane distribution
is anisotropic. In this paper, we use the following two-step
method to correct the reaction plane. First, the distribution
of Z?il q; sin(2¢;) and Z?il qi cos(2¢;) are recentered by
subtracting (Z?il g sin(2¢;)) and (Zf’il g cos(2¢;)) over all
events [19]:

”_ [ml 3 qisin@¢) — (37 i sin(2¢)) } / 5
(M)

Doty di cos(2) — (302 i cos(24y)
This method does not remove higher harmonic components
of the determined reaction plane, so we apply an additional
correction method [20]. In this method flattening the reaction
plane is accomplished by using a shift

nY™ = nios + AY, ®)

where Ay is the correction factor for the reaction plane. Ayr
is determined by

AY =) A, cosnion) + B, sin(2niops), ©)

where A, and B, are defined by requiring the nth Fourier
moment of the new reaction plane (%) to vanish.
Hence

Ay = —% (sin(2Znyons)) (10)

B, = %(COS@H%bs))- an

Since the reaction plane depends on collision centrality
and the z vertex, the reaction planes are divided into
40 samples (20 centrality bins and 2 vertex bins), and these
corrections are determined independently for each sample. To
measure the v, in this analysis, use is made of a combined
reaction-plane, which is defined by weighted averaging of the
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FIG. 3. The azimuthal angle distribution of the combined reaction
plane after applying the flattening corrections. (Note that the vertical
scale is zero suppressed.) After applying the corrections, the reaction
plane has an isotropic azimuthal distribution.

reaction-plane angles obtained by the south-side BBC and the
north-side BBC. Figure 3 shows the azimuthal angle dis-
tribution of the combined reaction plane after applying
the flattening corrections. After applying the corrections,
the reaction plane has an isotropic azimuthal distribution. The
resolution of the combined reaction plane is estimated by using
Eq. 11 in [19]. Figure 4 shows the centrality dependence of
the resolution (o, ).

III. RESULTS AND DISCUSSION

In this section we present a method to calculate the single-
electron v, from inclusive electrons and show its transverse
momentum dependence.

R.P. resolution
o o o o
w 'S 3] o
I I I

o
N
T

t

o
I
¢

O L L e e
0 10 20 30 40 50 60 70

centrality (%)

FIG. 4. (Color online) Centrality dependence of the combined
reaction plane (R.P.) resolution determined by the BBC. The
resolution is estimated by using Eq. 11 in [19].

PHYSICAL REVIEW C 72, 024901 (2005)

A. Inclusive electron v,

The azimuthal distributions of electrons relative to the
reaction plane are shown in the middle panel of Fig. 5. The
distributions are overlaid by shifting them on the vertical axis
such that the spacing between each is equal. Each symbol
represents the measured pr region indicated in the left panel,
which shows the raw yields of each distribution with large
symbols. As described in Sec. I C, less than 10% background
remains from accidental RICH associations. The azimuthal
distributions of the background are shown in the right panel,
and the yields are shown as small symbols in the left panel. The
electron v, are measured after subtraction of this background
(dN°=/d¢) from electrons that are identified by the RICH
(AN [d):

dNe _ ngcund dNEbuck
d¢p —  dé d¢

The transverse momentum dependence of the electron v,
for minimum-bias events (centrality 0-92%) after subtracting
background is shown in Fig. 6. The statistical errors are
shown as vertical lines in the figure. The lo systematic
uncertainties are shown as vertical bands. The systematic un-
certainties include the systematic uncertainty of the reaction-
plane determination and electron identification. The systematic
uncertainty of the reaction-plane determination is about 5%.
The uncertainty was estimated by measuring v, with a reaction
plane determined by the north-side BBC, the south-side BBC,
and a combination of the north and south sides. The systematic
uncertainty from electron identification was estimated by
measuring electron v, with several different sets of electron
identification cuts. A comparison with v, for a charged pion [2]
is also shown in Fig. 6. At low pr (pr < 1.0 GeV/c), the
electron v, is larger than the v, of the pion. In this region
electrons come mainly from 79 decays, directly from the
Dalitz decays, or indirectly from photon conversions. Because
the decay angle of the 7° decay is small, the electron has
about the same azimuthal angle as the parent 7°, wheres the
electron pr is smaller than the 7° p7. Therefore the electron
v, at a given pr corresponds to the larger v, of the 7¥ at
higher pr. The v, of charged pions is consistent with that
of neutral pions [12]; therefore the inclusive electron v, is
higher than the pion v,. The v, at high pr is thought to reflect
parton energy loss in the initial stage of the collisions [21].
As described in Sec. III B, the primary source of electrons at
high pr is semileptonic decays of mesons containing heavy
quarks. If these heavy quarks experience energy loss, the trend
of the electron v, at high pr might be the same as for pions.
However, the electron v, at high pr might be smaller than
the pion v, if the heavy quarks do not lose energy. Owing to
the large systematic and statistical uncertainty of the current
measurement, the electron v, is consistent with the pion v;.

12)

B. Heavy-flavor electron v,

The inclusive electron sample has two components: (1) a
nonphotonic component, consisting of primarily semi-leptonic
decays of mesons containing heavy (charm and bottom)
quarks, and (2) a photonic component, consisting of Dalitz
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FIG. 5. (Color online) Azimuthal distributions relative to the reaction plane of electrons (middle panel) and the background (right panel)
in each momentum bin. The distributions are overlaid by shifting them on the vertical axis such that the spacing between each is equal. The

raw yields of each distribution are shown in the left panel.

decays of light neutral mesons (mg,n, 7', w, and ¢) and
photon conversions in the detector material [9]. The azimuthal
distribution of electrons (d N¢/d¢) is the sum of the azimuthal

0.3 E T T T TT
r TV
0.25 — Au+Au@\[Syy =200GeV © 2
C min.bias (0-92%)
0.2  inclusivee‘e”

0.15 EO o &

Vs

g
01  4e@8 "
r =2 © H
0.05 ©
E o
r o
0?
-o_oskHw”H\HH\HH\HH\‘H‘\HH\HH\
0 05 1 15 2 25 3 35 4

pr (GeV/c)

FIG. 6. (Color online) Transverse momentum dependence of the
electron v, for minimum-bias events (centrality 0-92%). The data
points for the electrons represent the inclusive single electrons (e
and e~). The upper horizontal scale shows the bin size in pr.
The statistical errors are shown as vertical lines in the figure. The
systematic uncertainty from the determination of the reaction plane
and electron identification are shown as boxes. A comparison with
the pionz v, is also shown.

distributions of photonic electrons (d N7 /d¢) and nonphotonic
electrons (dN™"7 /d¢):

dN, dN; n AN,

d¢ — do do
The second harmonic of the Fourier expansion of each
azimuthal distribution is defined according to

N,[1 + 2v,, cos(2¢)]
= N7 [1+ 20 cos2p)] + N7 [1 4+ 203" cos(29)]
NZ v} + N 70y

NS+ N7

13)

= (N +N}77) [1 +2 cos(zqs)} ,

(14)
where v, is the v, of inclusive electron, v;’( is the v, of the

photonic electrons, and vy 7 is the v, of the nonphotonic

electrons. From Eq. (14), the inclusive electron vy is given by
NIV 4 NI
T TN N
NJv) + (Ne — NS )yu™ ™
N,
= rvge + 1 - r)v;fn_y, (15)

where r is defined as » = 1/(1 + Rnp), and Ryp is the ratio
of the number of nonphotonic electrons to photonic electrons
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FIG. 7. (Color online) Ratio of nonphotonic to photonic e* yields
(Rnp, points) and contribution from kaon decays (dashed line) [9].

(N;"7V/NY). We experimentally determined the ratio from
analysis of special runs in which an additional an photon
converter was installed. The details of the method are described
in [9], and the measured ratio is shown in Fig. 7. The increase
in the number of nonphotonic electrons is consistent with that
expected from semileptonic charm decays [9]. From Eq. (15)

vy "7 can be expressed as

Y
non—y V2, =TI,
vy =

.

(16)

1—r

The dominant sources of photonic electrons are photon
conversions and Dalitz decays from 79 [8]. In addition, we also
took into account electrons from 1 decays when calculating
photonic electron v,. We assumed that the contributions
from 5 decays is 17% by taking into account n/my = 0.45
[9]. The other sources are ignored when calculating the
photonic electron v, because of their small contribution.
The decay electron v, from decay electrons of 7 and 7
were calculated by Monte Carlo simulation. The transverse
momentum dependence of the 7%, was obtained from the
measured 7%, [12] ( pr > 1.0 GeV/c) and the measured
charged pion v, (pr < 1.0 GeV/c). Both measurements were
used since the 7%v, has been measured only above 1.0 GeV/c,
and both v, measurements are consistent at intermediate pr
(1.0 < pr < 3.0). The measured 70 spectra [22] were used to
give the input transverse momentum spectrum. We assumed
that the transverse momentum dependence of the 1 v, is the
same as for the kaon v, because their mass difference is small.
The transverse momentum spectrum of  was approximated by
assuming my scaling of 7° spectra. The photonic electron v,
calculated from the results is shown as the dashed line in the left
panel of Fig. 8. The middle dashed line is the mean value of the
photonic electron v, and the upper and lower dashed lines show
the 1o systematic uncertainty. The systematic uncertainty of
the photonic electron v, was estimated from the statistical
error and the systematic error of the measured parent v,. If the
nonphotonic electron v; is zero, that means the v, of the parent
particle, such as a D meson, is zero. Additionally, the inclusive
electron v; is the same as that of the scaled photonic electron
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FIG. 8. (Color online) (Left) A comparison of the inclusive
electron v, with the photonic electron v, (dashed line). The solid
line is rvy, the photonic electron v, scaled by the ratio of the number
of inclusive to photonic electrons. The electron v; is the same as r v,y
if the nonphotonic electron v, is zero; that is, the v, of the parent
particle, such as a D meson, is zero. (Right) Transverse momentum
dependence of the heavy quark electron v, for minimum-bias events.
The vertical line is the statistical error, which is propagated from
the statistical errors of the electron v, for minimum-bias events. The
systematic uncertainty from the electron v,, the photonic electron v,,
and the ratio Ryp is shown as a band.

(rvyr) from Eq. (15). The scaled photonic electron v, is shown
as the solid line in the left panel in Fig. 8. At intermediate
pr (1.0 < pr < 1.5) the electron v; is higher than rv,r. This
might suggest that the nonphotonic electron has nonzero v, at
intermediate pr. The details of this discussion are presented
in the next section.

Background from kaon decays (K — m e v) remains in
the nonphotonic yield. The contribution of kaon decays to the
nonphotonic yield, shown in Fig. 7 as a dashed line, is 18%
at py = 0.4 GeV/c and decreases rapidly to less than 6% for
pr = 1 GeV/c [9]. The transverse momentum dependence
of the kaon v, has been measured up to 3.0 GeV/c and that
of the Kg v, has been measured up to 6.0 GeV/c [5]. The
kaon and K (S) v, are consistent up to 3.0 GeV/c, and the quark
coalescence model predicts that these two meson v, values are
the same. Therefore, kaon and K g v, were combined as input
for the kaon v;. The transverse momentum spectrum of kaons
was obtained from measured kaon spectra up to 2.0 GeV/c.
In the high-p region we used scaled 7° spectra and assumed
that the shapes of the kaon spectra were the same as for the
7% spectra, which are matched with measured kaon spectra
around 2.0 GeV/c.

The nonphotonic electrons mainly come from semileptonic
decays of heavy flavor (charm and beauty). Therefore the
non-photonic electron v, that was obtained by subtracting
photonic electron and kaon decays from inclusive electrons
should be heavy-flavor electron [9] v, which reflects the
azimuthal anisotropy of heavy quarks. The result of the heavy-
flavor electron v, for minimum-bias events is shown in the
right panel of Fig. 8. The vertical lines are the statistical errors
that are propagated from the statistical errors of the inclusive
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TABLE I. The relative systematic uncertainty of heavy-quark electron v,.

pr Range Systematic Error Bound Inclusive ev, (%)  Photonic ev, (%) Ryp (%) R.P. (%) Total (%)
04 < pr<1.0 lower <32 <26 <21 4.5 <42
upper <63 <21 <21 4.5 <70
1.0 < pr <175 lower <25 <21 <14 4.5 <36
upper <67 <17 <15 4.5 <70
1.75 < pr <40 lower 280 78 190 4.5 340
upper 220 64 280 4.5 360
Type A A A B

electron v, shown in Fig. 6. The 1o systematic uncertainties of
heavy-flavor electron v, are shown as bands. The systematic
uncertainty includes the systematic uncertainty of the reaction
plane, the measured inclusive electron v, (without the reaction
plane), the photonic electron v, (without the reaction plane),
and Rynp. The systematic uncertainty of Ryp is the quadratic
sum of the statistical and systematic errors because Rnp iS
measured with a different data set. There are two categories
of uncertainty: Type A is a point-to-point error uncorrected
between pr bins, and type B is a common displacement
of all points by the same factor independent of pr. The
total systematic uncertainty is calculated by propagating the
errors on the individual quantities that enter into Eq. (16).
Table I shows the relative systematic uncertainty of heavy-
quark electron vj.

From the result we calculated the confidence level for a
nonzero v;. We assumed that the data of measured heavy-
flavor electron v, follow a Gaussian distribution; the o was
obtained by calculating the quadratic sum of the statistical
and systematic errors of the heavy-flavor electron v, assuming
these errors to be independent. In the intermediate-pr region
(1.0 GeV/c < pr < 1.75 GeV/c), the confidence level for a
nonzero value for the measured heavy-flavor electron v, is
90%.

There are various scenarios to consider that lead to different
elliptic flow values for D mesons [14]. One is that the charm
quarks do not interact at all in the medium after being produced
and eventually fragment in vacuum into D mesons. This
scenario leads to zero elliptic flow (v, = 0). It is also possible
that charm quarks do not flow with the medium but do suffer
energy loss in the medium and then eventually fragment in
vacuum into D mesons. This scenario may yield a nonzero v;.
Alternatively, the charm quarks may flow in the medium and
then hadronize via coalescence or recombination with other
partons from the medium, which could produce significant
nonzero values for v,. Finally, even if the charm quarks do not
flow with the medium, but do hadronize via recombination,
they may pick up some v, from the light quarks in the medium.

By assuming the quark coalescence model, the decay
electron v, from D mesons has been predicted [10]. In the
model D mesons are formed from charm quark coalescence
with thermal light quarks at hadronization. For charm quark
momentum spectra, two extreme scenarios are considered. The
first scenario assumes no reinteractions after the production of
charm-anticharm quark pairs in initial-state hard processes
(calculated from PYTHIA). The second scenario assumes
complete thermalization with the transverse flow of the bulk

matter. Figure 9 shows a comparison of the heavy-flavor
electron v, with decay electrons from D mesons in the “no
reinteraction” scenario as a solid line; the dashed line reflects
the “thermalization” scenario. Because of large systematic
and statistical uncertainty of the current measurement, neither
scenario is excluded by this single-electron v, measurement.

IV. SUMMARY

In summary, we have measured the elliptic flow, v, of
single electrons from heavy-flavor decay. This single-electron
vy is produced by subtracting the v, of electron sources
such as photon conversion from the v, of inclusive electrons
measured with the PHENIX detector in Au+Au collisions at
/Snn =200 GeV with respect to the reaction plane defined
at high rapidities (|n| = 3-4). The measured heavy-flavor
electron v, is nonzero with a 90% confidence level. Two model
calculations from [10] assume extremely different scenarios:
either no reinteraction of the initially produced charm quarks
or complete thermalization with the bulk matter. Both of these
calculations are consistent within errors with the measured
heavy-flavor electron v;,.

High-luminosity Au+Au collisions at /syy = 200 GeV
have been recorded by the PHENIX experiment during Run4

0.3 F T T T T T T T T
F Au+Au@ \[syy =200Ge
min.bias (0-92%)

0.2 Fheavy flavor e’e -

———————— charm flow
+ recombination
no charm flow
+ recombination

0.25

T

0.15
01F
0.05

-0.05 [

-0.1 FL - ‘ - ‘ - ‘ I - ‘ - ‘ - ‘ | - ‘ - ‘
0 0.5 1 15 2 2.5 3 35 4
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FIG. 9. (Color online) Comparison of the heavy-flavor electron
v, with two different charm flow scenarios from [10]. The solid
line corresponds to no rescattering of the initially produced charm
quarks (without flow); the dashed line reflects the effect of complete
thermalization (with flow).
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(2003-2004). The much higher statistical precision of these
data should allow an unambiguous result on the important
issue of charm flow.

ACKNOWLEDGMENTS

We thank the staff of the Collider-Accelerator and Physics
Departments at Brookhaven National Laboratory and the staff
of the other PHENIX participating institutions for their vital
contributions. We acknowledge support from the Department
of Energy, Office of Science, Nuclear Physics Division, the
National Science Foundation, Abilene Christian University
Research Council, Research Foundation of SUNY, and Dean
of the College of Arts and Sciences, Vanderbilt University
(USA); Ministry of Education, Culture, Sports, Science, and
Technology and the Japan Society for the Promotion of Science
(Japan); Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico and Fundac oa de Amparo a Pesquisa do Estado
de Sao Paulo (Brazil); Natural Science Foundation of China

PHYSICAL REVIEW C 72, 024901 (2005)

(People’s Republic of China); Centre National de la Recherche
Scientifique, Commissariat & 1’Eenergie Atomique, Institut
National de Physique Nucléaire et de Physique des Particules,
and Institut National de Physique Nucléaire et de Physique
des Particules (France); Bundesministerium fiir Bildung und
Forschung, Deutscher Akademischer Austausch Dienst, and
Alexander von Humboldt Stiftung (Germany); Hungarian Na-
tional Science Fund, OTKA (Hungary); Department of Atomic
Energy and Department of Science and Technology (India);
Israel Science Foundation (Israel); Korea Research Foundation
and Center for High Energy Physics (Korea), Russian Ministry
of Industry, Science and Tekhnologies, Russian Academy of
Science, and Russian Ministry of Atomic Energy (Russia),
Vetenskapsradet/Swedish Research Council (VR) and the
Wallenberg Foundation (Sweden), the U.S. Civilian Research
and Development Foundation for the Independent States of the
Former Soviet Union; the US-Hungarian NSF-OTKA-MTA;
the US-Israel Binational Science Foundation; and the Sth
European Union TMR Marie-Curie Programme.

[1] H. Sorge, Phys. Rev. Lett. 82, 2048 (1999).

[2] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 91,
182301 (2003).

[3]1J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 87,
182301 (2001).

[4] J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 89,
132301 (2002).

[5]1J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 92,
052302 (2004).

[6] P. Houvinen, P. E. Kolb, U. W. Heinz, P. V.
Ruuskanen, and S. A. Voloshin, Phys. Lett. B503, 58
(2001).

[7]1 D. Molnar and S. A. Voloshin, Phys. Rev. Lett. 91, 092301
(2003).

[8] K. Adcox et al., Phys. Rev. Lett. 88, 192303 (2002).

[9] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 94,
082301 (2005).

[10] V. Greco, C. M. Ko, and R. Rapp, Phys. Lett. B595, 202
(2004).

[11] X. Dong, S. Esumi, P. Sorensen, N. Xu, and Z. Xu, Phys. Lett.
B597, 328 (2004).

[12] M. Kaneta et al., Proceedings of the 17th International

Conference Ultra Relativistic Nucleus-Nucleus Collisions
(Quark Matter 2004); J. Phys. G 30, S1217 (2004); nucl-
ex/0404014.

[13] F. Laue, Proceedings of Hot Quarks 2004: Workshop for Young
Scientists on the Physics of Ultrarelativistic Nucleus-Nucleus
Collisions (HQ’04); J. Phys. G 31, S27 (2005); nucl-ex/0411007.

[14] S. Batsouli et al., Phys. Lett. B§77, 26 (2003).

[15] K. Adcox et al., Nucl. Instrum. Methods Phys. Res. A 499, 469
(2003).

[16] S. H. Aronson et al. (PHENIX Collaboration), Nucl. Instrum.
Methods Phys. Res. A 499, 480 (2003).

[17] S. S Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 91,
072301 (2003).

[18] J. T. Mitchell et al. (PHENIX Collaboration), Nucl. Instrum.
Methods Phys. Res. A 482, 491 (2002).

[19] A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58, 1671
(1998).

[20] J. Barrette et al. (E877 Collaboration), Phys. Rev. C 56, 3254
(1998).

[21] M. Gyulassy, I. Vitev, and X.-N. Wang, Phys. Rev. Lett. 86,
2537 (2001).

[22] S. S. Adler et al., Phys. Rev. Lett. 89, 202301 (2002).

024901-10



