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Abstract. The single electron spectrum over a sufficiently broad pT range provides an indirect measurement
of charm and beauty production at RHIC energies. Heavy-quarks are produced in parton-parton scattering
in the initial phase of the collision and thus provide important information about the initial configuration
of the colliding nuclei. Even more important, the final state spectra reflect the interactions of these heavy
partons with the medium and thus allow us to probe the properties of the hot and dense system created in
heavy-ion collisions. We present preliminary measurements of electron and positron pT spectra in pp and



A.A.P. Suaide on behalf of the STAR Collaboration: Charm production in the STAR experiment

d+Au as well as preliminary elliptic flow measurements in Au+Au collisions at
√

sNN = 200 GeV per-
formed by the STAR experiment. We describe the measurement techniques used to discriminate electrons
from hadrons and compare the results with theoretical calculations.

PACS. 25.75.-q
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1 Introduction

The study of heavy-quark hadrons produced in high en-
ergy pp collisions is an important tool to further expand
our knowledge of the interactions described by Quantum
Chromodynamics (QCD). Because of their large masses,
their production can be calculated by perturbative QCD
(pQCD) [1]. There have been many improvements in the
pQCD predictions [2] over the last few years but many
uncertainties in the leading order (LO) and next to lead-
ing order (NLO) calculations remain. Nevertheless, the
experimental results are, in general, in qualitative agree-
ment with the calculations [1,2]. Remaining uncertainties
depend mostly on the quark masses, factorization scale,
and parton distribution functions (PDF) used in the cal-
culations.

Systematic studies on heavy-quark production in pp
and p+A collisions and the detailed comparison with the-
oretical predictions will provide important information
about the parton distribution functions, such as the ini-
tial state gluon densities in these systems [3] as well as
nuclear effects. In addition, heavy-quark measurements
are important to understand the behavior of matter pro-
duced in high energy A+A collisions at the Relativistic
Heavy-Ion Collider (RHIC). These collisions have opened
a new domain in the exploration of strongly interacting
matter at high energy densities. High temperatures and
densities may be generated in the most central (head-
on) nuclear collisions, possibly creating the conditions in
which a phase of deconfined quarks and gluons exists [4,5].
The measurements at RHIC and comparison to theoretical
calculations suggest that a dense equilibrated system has
been indeed generated in the collision and that it expands
as an ideal hydrodynamic fluid. The good agreement be-
tween hydrodynamic calculations and the measurements
of inclusive particle spectra and elliptic flow [6] are con-
sistent with the onset of a hydrodynamic evolution at a
time τ0 < 1 fm/c after the collision [7]. The strong sup-
pression observed for high-pT hadrons [8–10] suggests that
the system created is extremely dense and dissipative.

Heavy-quark measurements will improve our knowl-
edge about the matter produced in the collisions at RHIC.
In heavy-ion collisions, heavy-quark production rates are
expected to be an important diagnostics tool of the quark
gluon plasma (QGP). In Au+Au collisions, medium effects
such as heavy quark energy loss can be studied by com-
paring the pT distributions of beauty and charm produc-
tion with those of light-flavor hadrons. The suppression of
small angle gluon radiation for heavy quarks, the so-called
dead cone effect, would decrease the amount of energy loss
substantially [11], implying that the suppression of heavy
quark mesons at high-pT is expected to be smaller than
the one observed for lighter hadrons at RHIC [8]. Also of

great interest is the study of elliptic flow of heavy-quark
mesons. Quark coalescence models imply that the mea-
surement of elliptic flow (v2) of D mesons reflects approx-
imately the flow of c quarks. Due to the large mass of
the c quark, Dong et al. [12] argue that large v2c values
can only be achieved if re-scattering in a partonic phase is
strong enough to also thermalize the light quarks. More-
over, measuring open charm and beauty production at
RHIC provides essential reference data for studies of color
screening via quarkonium suppression [13].

Direct reconstruction of heavy-quark mesons through
their respective hadronic decay modes [14] is very diffi-
cult to perform in high multiplicity events. However, the
measurement of heavy flavor mesons through their semi-
leptonic decay channel provides an efficient alternative
even at the highest multiplicities. In this paper we re-
port the current status of heavy-quark measurements in
pp, d+Au and Au+Au collisions at

√
sNN = 200 GeV

performed by the STAR [15] experiment at RHIC.

2 Experimental setup

STAR [15] is a large acceptance experiment composed of
many individual detector subsystems, many of them in-
stalled inside a large solenoidal magnet of 0.5 Tesla. In
the following, we describe the detectors that are relevant
to the present analysis.

The Time Projection Chamber (TPC) has a pseudo-
rapidity coverage of |η| ≤ 1.8 for collisions in the center
of STAR with full azimuthal coverage. For charged tracks
in |η| < 1, the TPC provides up to 45 independent spatial
and specific ionization dE/dx measurements. The dE/dx
measurement, in combination with the momentum deter-
mination, determines the particle mass within a limited
kinematic region (p < 1 GeV/c).

Two other detectors play an important role in the
electron identification procedure: the Time of Flight sys-
tem (ToF) [15] and the Barrel Electromagnetic Calorime-
ter (EMC) [15]. The Time of Flight used in the elec-
tron identification is a prototype of the full ToF detector,
based on a multi-gap resistive plate chamber. It covers
−1 < η < 0 and ∆φ = 6◦, and allows particle identifica-
tion for pT < 3.5 GeV/c.

The barrel Electromagnetic Calorimeter located just
inside the coils of the STAR solenoidal magnet, with a ra-
dius relative to the beam line of 2.3 m, is a lead-scintillator
sampling electromagnetic calorimeter with equal volumes
of lead and scintillator. The electromagnetic energy res-
olution of the detector is δE/E ∼ 0.16/

√
E. The re-

sults presented in this work use the first EMC patch
installed for the 2003 RHIC run, that consisted of 60
modules, half of the full planned detector, with cover-
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Fig. 1. dE/dx distribution for particles with 1.5 < p <
8 GeV/c. The lines are Gaussian fits to the spectrum

age 0 < η < 1 and ∆φ = 360◦. Each EMC module is
composed of 40 towers (20 towers in η by 2 towers in φ)
projecting to the center of the STAR detector. The tower
size is (∆η,∆φ) = (0.05, 0.05), which, at the radius of
the detector’s front face, corresponds to a physical size of
approximately 10 × 10 cm2. The tower depth is 21 radi-
ation lengths (X0), corresponding to a little less than 1
hadronic interaction length. A multi-wire gaseous Shower
Max Detector (SMD) is installed at approximately 5X0
inside each calorimeter module and allows to measure the
electromagnetic shower shape and position with high pre-
cision, (∆η,∆φ) ∼ (0.007, 0.007).

3 Electron identification in STAR

3.1 Electron selection

Electron identification is based on a pre-selection of can-
didates using dE/dx in the TPC. Electrons in the mo-
mentum range between 1.5 and 8 GeV/c have slightly
higher dE/dx values when compared to hadrons (Fig. 1).
A dE/dx cut in this momentum range provides initial
discrimination power on the order of e/h ∼ 500 with high
efficiency.

Electrons can be identified with the ToF system in
the low momentum region (0.2 < pT < 3 GeV/c) using
a combination of velocity (β) measured in the ToF and
dE/dx from the TPC. Applying a cut of |1/β − 1| ≤ 0.03
allows us to remove hadrons crossing the electron dE/dx
band in the low momentum region. The convolution of
the TPC tracking efficiency with the ToF hit matching
efficiency is on the order of 90 %. The remaining hadron
contamination is evaluated to be about 10–15 % of the
selected candidates.

High-pT electrons (pT > 1.5 GeV/c) can be identified
by combining the TPC and EMC information. Electron
candidates selected using the dE/dx method are extrap-
olated to the EMC detector and the energy deposited in
the matching tower is compared to their momentum. Elec-
trons show a peak at p/Etower ∼ 1 while hadrons have a
considerable wider distribution. Figure 2-left depicts the
p/Etower spectrum for the electron candidates exhibiting
a well pronounced electron peak. The residual hadronic
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Fig. 2. Left: p/Etower distributions. Right: Distance in the η−φ
plane between extrapolated track and SMD shower position.
Filled histograms are the distributions for electrons and the
non-filled ones are distributions for hadrons

background is shown as a solid line in the spectrum. After
hadronic background subtraction the electron peak is not
centered at 1 due to energy leakage to neighbor towers.
The amount of leakage depends on the distance to the
center of the tower hit by the electron and it is well de-
scribed by GEANT simulations of the detector response.

The SMD plays an important role in the electron iden-
tification procedure. In general, hadronic showers are not
well developed compared to electromagnetic showers at
SMD depth. The resulting differences are used to enhance
the electron discrimination power. The procedure used in
this analysis is based on high thresholds in the shower max
reconstruction. Electrons will have showers reconstructed
well above these cuts while the majority of hadrons will
not pass this requirement. We also compare the distance
of the extrapolated particle to the reconstructed shower.
Because of the poorly developed showers in the case of
hadrons, this distance will have a much wider distribu-
tion, as seen in Fig. 2-right. The overall electron detection
efficiency was obtained by embedding simulated electrons
into real events and was found to be ∼ 50 % and indepen-
dent of pT for electrons with pT > 2 GeV/c.

Figure 3 depicts the STAR-EMC inclusive electron
spectra for d+Au and pp collisions. It also depicts STAR-
ToF inclusive electron measurements for the same sys-
tems [14]. In both cases, the electron transverse momen-
tum is obtained using the STAR-TPC tracking informa-
tion. The data is normalized to represent the measure-
ment in one unit of pseudorapidity and full azimuth. EMC
and ToF measurements agree very well in the overlap re-
gion. The error bars reflect the statistical errors while the
boxes represent the systematic uncertainty on the mea-
surements. The main systematic uncertainties are due to
the efficiency and acceptance corrections.

3.2 Background subtraction

The inclusive electron spectra are composed of contribu-
tions from many different sources. We can classify the
sources of electrons into two categories: (i) the physics sig-
nal of non-photonic electrons (electrons from heavy quark
semi-leptonic decays and Drell-Yan); (ii) all other sources,
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mostly of photonic origin and misidentified hadrons, which
we will refer to as background. There are many sources
of background contributing to the inclusive electron yield
that need to be removed from the spectra in order to ex-
tract the physics signal.

The hadron contamination was estimated by select-
ing hadrons using TPC dE/dx and computing how many
of them are identified as electrons in the EMC. Residual
hadronic contamination is in the order of 3 % of the inclu-
sive electron for pT = 2 GeV/c and 8 % for pT = 6 GeV/c.
Photonic electrons come mostly from photon conversion in
the detector and π0 Dalitz decays (approximately 95 % of
all the photonic background). Leptonic and semi-leptonic
decays of many other hadrons contribute to the electron
background on a much smaller level. Their contribution
needs to be estimated through simulations. Most of the
photon conversions and π0 Dalitz decays can be removed
by calculating the squared invariant mass, m2, spectrum
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of di-electrons. For the background subtraction, the sec-
ond electron in the pair is selected using only the TPC
dE/dx information in order to maximize efficiency. Fig-
ure 4-left shows the m2 spectrum for opposite and same
charge electron pairs. A cut of m2 < 0.02 (GeV/c2)2 re-
moves most of the photon conversion and Dalitz decay
electrons. By embedding photons and π0 into real events
it was found that the efficiency of background recogni-
tion and hence subtraction using this technique is fairly
constant with the electron pT at ∼ 65%. The remaining
background, mainly composed of η, ω, φ and ρ decays, was
estimated from Pythia [16] and HIJING [17] simulations
and it is on the level of a few percent of the total back-
ground. Figure 4-right shows the ratio between the physics
signal and the background electrons. The overall signal to
background ratio improves substantially at high-pT.

4 Results and discussion

4.1 Non-photonic electron spectra
and charm cross section

Figure 5-top shows the non-photonic electron spectra (af-
ter background subtraction) for d+Au and pp collisions
at

√
sNN = 200 GeV. The pseudorapidity and azimuthal

coverage of each measurement matches the detector accep-
tance (ToF acceptance in the case of ToF+TPC data and
EMC acceptance for the EMC+TPC data). Both mea-
surements were normalized to represent the electron pro-
duction in one unity of pseudorapidity and full azimuthal
coverage. The error bars depict statistical errors and the
boxes the systematic uncertainties. The main sources of
systematic uncertainties are the background subtraction,
efficiency and acceptance corrections. The data shown are
preliminary and the final assessment of the systematic er-
ror, currently ∼ 30 %, is subject to further evaluation.

The lines in the Figure 5-top show the electron spec-
tra prediction for pp collisions from Pythia simulations.
The thin solid and dashed lines are predictions for elec-
trons from D and B mesons decays, respectively. The dash-
dotted line is the contribution from B mesons decaying
into D mesons before decaying to electrons; their contribu-
tion to the total yield is negligible. The dotted line shows
the contribution from Drell-Yan. The thick solid line is the
total electron yield prediction including all the processes
mentioned above. The Pythia parameters used in the cur-
rent simulations are: 〈KT〉 = 2 GeV/c; mc = 1.7 GeV/c2;
Kfactor = 2.2; CTEQ5M1 and PARP(67) = 4 (parton vir-
tuality factor). It is important to notice that the Pythia
simulation is not a fit to the data but just a represen-
tation of what may be the sources of electrons observed.
We note, however, that electrons at moderate to high pT
(pT > 3.5 GeV/c) have a significant to dominant contri-
bution from B decays. Figure 5-bottom shows the ratio of
the d+Au and pp spectra, RdAu, normalized by the num-
ber of binary nucleon-nucleon collisions, as a function of
pT. The ratio is approximately consistent with unity for
the entire momentum range, suggesting that the electron
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Fig. 5. Top: Non-photonic electron spectra for d+Au (trian-
gles) and pp (circles) collisions. The measurements were nor-
malized to represent the electron production in one unity of
pseudorapidity and full azimuthal coverage. The error bars in-
dicate the statistical errors and the boxes show the system-
atic uncertainties. The lines show Pythia simulations (see text
for parameters). The square points correspond to the 0–10 %
Au+Au electrons from the PHENIX experiment [18], normal-
ized by the number of binary collisions. Bottom: RdAu for elec-
trons at

√
sNN = 200 GeV

production in d+Au collisions follows a simple binary scal-
ing law from pp collisions. However, a small Cronin type
enhancement cannot be ruled out.

Figure 5-top also shows the non-photonic spectrum
for central 200 GeV Au+Au collisions measured by the
PHENIX experiment [18] (|η| < 0.35 and ∆φ = π/4).
Figure 5-top shows a significant difference between the
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√
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difference is already apparent at pT � 2 GeV/c, where
statistics is still high, and can be due to interactions be-
tween heavy-quarks and the medium. The dead cone effect
would reduce the amount of energy lost by heavy quarks
in the medium [11] making the suppression at high-pT
smaller than the one for light-quark hadrons. However,
this effect should be more evident at pT ∼ 5–10 GeV/c
and hence not yet accessible given the currently available
statistics in central Au+Au collisions.

STAR has measured open charm in d+Au collisions
through the direct D0 reconstruction, D0(D̄0)→ K∓π±,
as well as indirectly from non-photonic electrons at in-
termediate pT (see [14] for details). By combining these
measurements, the total charm cross-section per binary
collision in d+Au collisions at

√
sNN = 200 GeV is

σNN
cc̄ = 1.40 ± 0.2stat ± 0.4sys mb. The beam energy de-

pendence of the cross section is presented in Fig. 6.
At

√
sNN = 200 GeV both PYTHIA and NLO pQCD

calculations [2,16] underpredict the total charm cross sec-
tion by a factor ∼ 2–3. There are indications that a large
charm cross section at

√
sNN ∼ 300 GeV is essential to

explain cosmic ray data [19].

4.2 Charm elliptic flow

It has been argued that the matter created in heavy-ion
collisions at RHIC is sufficiently hot and dense that charm
quarks might thermalize in the medium [12]. The most
promising method to study this hypothesis is the mea-
surement of charm elliptic flow. As shown earlier, electron
production at large pT is dominated by electrons from
semi-leptonic decays of heavy flavor hadrons. Already at
pT > 2 GeV/c the emission direction of the D meson is
strongly correlated with the direction of the decay elec-
tron. Figure 7 shows the cos(φelectron − φD) distribution
versus the electron pT from simulated D-meson events.
Consequently, the measurement of non-photonic electron
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elliptic flow (v2) in this pT range reflects directly the flow
of D mesons. The dashed lines in Fig. 7 depict the momen-
tum range used in this analysis. The elliptic flow analysis
in 200 GeV Au+Au collisions used the data recorded in
2001. During this run only a very small fraction of the
STAR calorimeter was installed. We therefore used only
the dE/dx information from the TPC to select electrons.
Before we correlate the electron azimuthal angle with the
reaction plane, background electrons are removed using
the methods described above. With detailed simulations
of the STAR detector and using the π0 distributions from
[20] we estimate that this background subtraction method
removes about 50 % of all photonic electrons.

The azimuth angle φ of the remaining e± is then
correlated with the reaction-plane angle ψRP (see [21]
for details about reaction plane determination) and the
cos (2[φ− ψRP ]) distribution is built. In the pT interval
2–3 GeV/c we estimate that the electron sample is com-
posed of 63 % of electrons from D mesons and 37 % from
remaining photonic sources (after the background sub-
traction). In order to correct for the remaining 37% e±
background from photonic sources, we again use the π0

spectrum from [20] onto which we impose elliptic flow ac-
cording to [22] (vmax

2 = 17 %). Passing the resulting az-
imuthal anisotropy π0 distribution through our detector
simulation and analysis code we obtain a cos(2[φ−ψRP ])
distribution for the remaining background. Subtracting
this distribution from the uncorrected one we obtain the
cos (2[φ− ψRP ]) distribution for e± from D-meson decays.
The v2 value for electrons from D-meson decays can then
be calculated using v2 = 〈cos (2[φ− ψRP ])〉/ψres

RP . Here,
ψres

RP ≈ 0.7 is the reaction-plane resolution which is de-
termined via the sub-event method described in [21]. The
average elliptic flow for electrons from D-meson decays is
v2e± ≈ 0.15 ± 0.02 (stat) in the momentum interval 2–
3 GeV/c. Our preliminary estimate of systematic uncer-
tainties originates from uncertainties in v2π0 and in the
exact amount of photonic e± background, and adds up to
∼ 25 % (relative). Other sources of systematic uncertain-
ties are still under investigation.
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Fig. 8. v2 from non-photonic e± vs. transverse momentum in
Au+Au collisions at

√
sNN = 200 GeV. The solid circles show

preliminary results from the PHENIX experiment [23]

Figure 8 shows the STAR preliminary single electron
elliptic flow measurement (open circles). The error bars
reflect only statistical uncertainties. The solid circles cor-
respond to preliminary results from the PHENIX experi-
ment at lower momentum [23]. The result obtained by the
STAR experiment smoothly extrapolates to the PHENIX
measurement. The solid and dashed lines are calculations
from the Quark Coalescence Model [24] for two extreme
cases. The solid line shows the expectations from a quark
coalescence model with thermalized and flowing c quarks
and the dashed line shows the prediction for the case where
c quarks are not thermalized and do not flow. Despite the
fact that the error bars are still large, the data points seem
to favor the prediction from the quark coalescence model
under the assumptions of a partonic stage with thermal-
ized and strongly flowing c quarks: v2c = v2light−quarks.
The systematic uncertainties still need to be evaluated in
more detail and non-flow effects are still not estimated.

5 Summary

The transverse momentum distributions of non-photonic
electrons have been measured at STAR in pp and d+Au
collisions. By combining the electron measurements with
the direct reconstruction of D mesons it was possible to
obtain the total charm cross section in d+Au collisions.
Both Pythia and NLO pQCD calculations underpredict
the charm cross section at RHIC energies. In-medium
modifications can be studied by comparing charm produc-
tion in pp with d+Au and Au+Au collisions. There is no
evidence for any nuclear modification in d+Au collisions
at

√
sNN = 200 GeV. The very limited high-pT statistics

in central Au+Au collisions measured by the PHENIX
experiment, at the present, does not allow to draw any
conclusion on medium modifications. On the other hand,
preliminary elliptic flow measurements for non-photonic
electrons indicate a strong interaction between the heavy
quarks and the medium. STAR and PHENIX v2 results for
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electrons, when compared to Quark Coalescence Models,
suggest that c quarks interact with thermalized partonic
matter and appear to have about the same flow as light
quarks. The year 2004 Au+Au data will allow a spectrum
and elliptic flow measurements of non-photonic electrons
at high-pT with increased statistics and will address these
subjects more precisely.
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