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Abstract. The strong suppression of high pT hadrons observed at RHIC has led to the interpretation that
energetic partons lose their energy via induced gluon radiation in the hot and dense matter before fragment-
ing into hadrons. The study of heavy quark production can extend our understanding of this scenario. Due
to the dead cone effect, the suppression of heavy quark mesons at high pT is expected to be smaller than
that observed for charged hadrons at the same energy. The measurement of non-photonic single electrons
up to high pT provides information on charm and beauty production. The semi-leptonic decays of D and
B mesons are the dominant contribution to the non-photonic electron spectra. The preliminary spectra from
p+p, d+Au and Au+Au collisions at

√
sNN = 200 GeV have been extracted for mid-rapidity non-photonic

electrons in the range 1.5< pT (GeV/c)< 10. The corresponding nuclear modification factors (RAA) are pre-
sented and show a large suppression in central Au+Au collisions, indicating an unexpectedly large energy
loss for heavy quarks in the hot and dense matter created at RHIC. This observed suppression is compared
to recent theoretical models.

PACS. 13.85.Qk; 13.20.Fc; 13.20.He; 25.75.Dw

1 Introduction

The observation of the suppression of inclusive high-pT
hadron yields in central Au+Au collisions at the Rel-
ativistic Heavy-Ion Collider (RHIC) [1–4] is one of the
signatures of quark–gluon plasma production. The sup-
pression is a consequence of medium induced radiative
energy loss of energetic light partons, mainly gluons in
the created nuclear matter. The amount of parton en-
ergy loss depends on the properties of the medium, such
as gluon density, or the length that the parton travels
in the medium. It also depends on the properties of the
parton, such as color charge or mass. Therefore, it is
possible to independently explore the properties of nu-
clear matter by measuring the energy loss of different
types of partons. The heavy quarks (charm and beauty)
are mostly produced in initial hard parton scattering
through gluon fusion [5, 6]. The suppression of high-pT
heavy quarks is also expected though smaller than for
light quarks, due to reduction of small angle gluon ra-
diation [7–9]. Because of the large quark masses, charm
and beauty production can be calculated by perturbative
QCD (pQCD) [10]. The cross-sections and pT spectra were
calculated in next-to-leading order (NLO) for both p+
p and Au+Au collisions [11–13]. Although the calcula-
tions are in agreement with the data at the Tevatron at
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√
sNN = 1.8 TeV [14], they underestimate the production
at RHIC [15, 16].
The heavy quark meson production was studied di-

rectly by D0 meson reconstruction via the hadronic de-
cay: D0→K−π+, in both d+Au [17] and Au+Au [18]
collisions. Due the statistical reconstruction of D0, the
measured spectra were limited to pT < 3 GeV/c. The re-
construction of non-photonic electrons is an alternative
method to infer information about the heavy quark pro-
duction and their interactions with the medium. The non-
photonic electron spectra are dominated by semileptonic
decays ofD and B mesons. This method is presented here.
There are several sources of measured electrons. We di-
vide them into non-photonic electrons (signal) and pho-
tonic electrons (background). The background photonic
electrons are from γ conversions, and π0, η Dalitz and light
vector meson decays.

2 Data analysis

The results presented in this paper were obtained from
an analysis of data recorded with the STAR detector [19]
in years 2003 (p+ p, d+Au) and 2004 (Au+Au). The
two main detector systems used in the analysis were the
Time Projection Chamber (TPC) and the Barrel Elec-
tromagnetic Calorimeter (BEMC), that also contains the
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Shower Maximum Detector (SMD). Part of the data were
taken with a trigger based on energy deposited in a sin-
gle tower of the BEMC. This enriched the high-pT part of
electron spectra. The integrated luminosity sampled by the
EMC trigger is 100 nb−1 for p+p, 370 µb−1 for d+Au and
26 µb−1 for the most central Au+Au events.
The electron identification was based on a combination

of energy loss (dE/dx) in the TPC, energy deposition E
in the BEMC, and the shower profile in the SMD. For the
details of the analysis see elsewhere [20, 21]. Reconstructed
tracks that point to the primary vertex are selected in order
to suppress conversion electrons. Tracks are projected to
the BEMC and those with p/E < 2, where p is the recon-
structed momentum, are chosen. Further selection is based
on the shower size in the SMD. The tracks with a large
shower size correspond to electrons. The final electron
identification criterium is dE/dx. Electrons with momen-
tum 1.5 < p < 10GeV/c lose average more energy in the
TPC than other charged particles. Electrons are selected
with dE/dxmin < dE/dx < 5.1 keV/cm. dE/dxmin is
around 3.5 keV/cm, with the specific value depending on
the event multiplicity and increases slowly with track mo-
mentum to optimize electron efficiency and hadron rejec-
tion. The resulting hadron contamination in the electron
sample is 3±3% at 2 GeV/c and 22±5% at 8 GeV/c.
The data sample for the Au+Au dataset was divided

into 3 centrality bins (0–5%, 10–40%, and 40–80% of the
total geometrical cross section). The electron reconstruc-
tion efficiency and acceptance were determined by embed-
ding simulated electrons into real events and calculated for
each centrality separately. For the most central events, the
electron reconstruction efficiency increases with pT up to
5 GeV/c and then remains constant at 40%.
The dominant sources of photonic electrons are γ con-

versions in the detector material, π0 and η Dalitz decays.
The contribution from other sources is negligible when
compared to the systematic uncertainties. The photonic
background was evaluated by identifying both the electron
and positron from a conversion or a Dalitz pair. The in-
variant mass of these pairs is always smaller than the π0

mass. The background was statistically subtracted. The
efficiency of the photonic background rejection was deter-
mined by embedding π0 into real events and is 56±6% for
the most central Au+Au events.

2.1 Non-photonic electron spectra

Figure 1 (taken from [20]) shows the background sub-
tracted non-photonic electron spectra for p+p, d+Au and
Au+Au collisions together with FONLL pQCD predic-
tions. The error bars are statistical and the boxes show
the systematic uncertainties. The measured non-photonic
electron spectra cover the pT range where the contribution
from both charm and beauty is predicted to be important.
The FONLL pQCD prediction is scaled by a factor of 5.5,
corresponding to the ratio between the charm cross sec-
tion measured by STAR [18] and the one calculated within
FONLL pQCD [13, 14].
Figure 2 (taken from [20]), upper part, shows the ratio

of the measured non-photonic electron yield for p+p col-

Fig. 1. Background subtracted non-photonic electron spectra
for p+p, d+Au and Au+Au collisions for centralities 0–5%,
10–40% and 40–80%. The curves are scaled FONLL predictions
for p+p [13]. Cross section on the right axis applies to p+p
spectrum only

Fig. 2. Upper : ratio between measured non-photonic electron
yield and FONLL pQCD calculations [13] for p+p collisions;
lower : relative contributions to FONLL distribution of c and b
decays

lisions to that calculated by FONLL pQCD. Since the
ratio is almost pT independent, the calculated spectrum
describes the shape of the measured spectrum well, how-
ever the total yield is strongly underestimated. We would
like to note that the contributions from both charm and
beauty decays are necessary to describe the shape of the
p+p spectra, see also Fig. 1. The ratio is consistent with
the ratio of the measured and calculated charm produc-
tion cross section (dashed line at 5.5). The same ratio is
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also shown for previous STAR [17] and PHENIX [16] meas-
urements. Within the experimental uncertainties, all the
measurements are consistent.
Figure 2, lower part, shows the relative contribution of

charm and beauty decays to the total spectrum of non-
photonic electrons in the FONLL pQCD prediction with
the variation due to uncertainties in the calculation. The
calculation predicts that the amount of electrons from
B meson decays becomes significant for 4< pT < 6 GeV/c.
The crossing point where the beauty contribution start to
dominate over charm is not well constrained due to uncer-
tainties in the calculations. It can be as low as 3 GeV/c or
as high as 10 GeV/c.

2.2 Nuclear modification factors, RAA,
for non-photonic electrons

Figure 3 (taken from [20]) shows the nuclear modifica-
tion factors, RAA and RdAu, for non-photonic electrons as
a function of pT. The error bars show the statistical un-
certainties. The boxes show the uncorrelated systematic
uncertainties, and the filled band is the overall normaliza-
tion uncertainty, including the uncertainties in the number
of binary collisions. RAA (RdAu) is defined as the ratio of
the spectra measured in Au+Au (d+Au) collisions to the
spectrummeasured in p+p collisions scaled by the number
of binary collisions in Au+Au (d+Au). In the absence of
nuclear effects, RAA = 1 (“binary scaling”).

Fig. 3. The nuclear modification factor, RAA, for d+Au and
Au+Au collisions at

√
sNN = 200 GeV. Error bars and uncer-

tainties are described in text

The RdAu ratio is consistent with a moderate Cronin
enhancement, however a simple binary scaling with re-
spect to p+p collisions can not be ruled out. On the other
hand, it is possible to observe an increased suppression
from peripheral to central Au+Au events with respect to
the binary scaling. The suppression reaches a factor of 5 for
pT > 4 GeV/c. It is consistent with previous measurements
at lower pT [22, 23]. Assuming that a significant fraction
of non-photonic electrons indeed comes from heavy quark
meson decays, this suppression indicates a strong interac-
tion and a large energy loss of heavy quarks in the medium
created at RHIC. This suppression is as strong as the sup-
pression observed for light hadrons for pT > 6 GeV/c [2].

2.3 Comparison of results with theoretical models

Figure 3 also shows calculations of theRAA from three the-
oretical models. In all cases, the contribution from charm
and bottom quarks were taken into account as it is calcu-
lated with FONLL pQCD [13] and final state energy loss
was calculated.
In the first model (dashed curve)[8], the DGLV theory

of radiative energy loss has been applied and the created
nuclear matter is characterized by the initial gluon density
of
dNg
dy = 1000, the value derived from light quark hadron

suppression. In addition, the contribution from elastic en-
ergy loss has been taken into account (solid line)[24]. Re-
cently, the elastic energy loss has been reevaluated and
for heavy quarks it is comparable to the radiative energy
loss [8, 25].
In the secondmodel (dash-dotted curve)[9], the medium

is characterized by the time averaged BDMPS transport
coefficient, q̂ = 14GeV2/fm, for central Au+Au colli-
sions. This value of q̂ is consistent with the measurement
of RAA of the light hadrons, which restricts the value
q̂ = (4–14GeV2/fm) [27]. In this approach no contribution
of elastic energy loss was taken into account. For the sake of
comparison, a curve (dash-dot-dot) representing the con-
tribution only from charm sources is shown.
In the third model (dotted curve)[28], the authors focus

on elastic scattering of heavy quarks in the medium medi-
ated by resonance excitations (D andB) off light quarks as
well as by t-channel gluon exchange.
The measured data points of RAA do not agree with

the model calculations at high pT if contributions from
both beauty and charm sources is taken into account. The
models predict a smaller suppression than that measured.
However, if only the contribution from charm decays is
considered then the models would agree well with the data.
It is important to note that the model calculations also
have large uncertainties, such as the amount of relative
contribution from beauty/charm decays, that influence the
finalRAA. Another issue is that the measured charm cross-
section and also non-photonic electron spectra in p+p col-
lisions are about a factor of ≈ 5.5 higher than FONLL
predictions. In addition, further understanding of p+p col-
lisions is necessary before we can make a final statement
about heavy quark energy loss.
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3 Summary

The non-photonic electron spectra for p+ p, d+Au and
Au+Au collisions at

√
sNN = 200GeV have been pre-

sented. The strong suppression of the spectra in central
Au+Au collisions is observed, which suggests a strong en-
ergy loss of heavy quarks in nuclear matter. The theor-
etical models do not describe the data if both the charm
and beauty contributions are accounted for. The FONLL
pQCD calculations underestimate the measured spectra in
p+p by a factor of 5.5. The results raise the question about
the predicted yields and the understanding of energy loss of
heavy quarks, e.g. the contribution of beauty decays in the
measured non-photonic electron spectra.
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