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17Florida Institute of Technology, Melbourne, Florida 32901, USA

18Florida State University, Tallahassee, Florida 32306, USA
19Georgia State University, Atlanta, Georgia 30303, USA

20Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526, Japan
21IHEP Protvino, State Research Center of Russian Federation, Institute for High Energy Physics, Protvino, 142281, Russia

22University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
23Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 182 21 Prague 8, Czech Republic

24Iowa State University, Ames, Iowa 50011, USA
25Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

26KEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
27KFKI Research Institute for Particle and Nuclear Physics of the Hungarian Academy of Sciences (MTA KFKI RMKI),

H-1525 Budapest 114, Post Office Box 49, Budapest, Hungary
28Korea University, Seoul, 136-701, Korea

29Russian Research Center ‘‘Kurchatov Institute’’, Moscow, Russia
30Kyoto University, Kyoto 606-8502, Japan

31Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS-IN2P3, Route de Saclay, F-91128, Palaiseau, France
32Lawrence Livermore National Laboratory, Livermore, California 94550, USA

33Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
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The momentum distribution of electrons from semileptonic decays of charm and bottom quarks for

midrapidity jyj< 0:35 in pþ p collisions at
ffiffiffi
s

p ¼ 200 GeV is measured by the PHENIX experiment at

the Relativistic Heavy Ion Collider over the transverse momentum range 2< pT < 7 GeV=c. The ratio of

the yield of electrons from bottom to that from charm is presented. The ratio is determined using partial

D= �D ! e�K�X (K unidentified) reconstruction. It is found that the yield of electrons from bottom

becomes significant above 4 GeV=c in pT . A fixed-order-plus-next-to-leading-log perturbative quantum

chromodynamics calculation agrees with the data within the theoretical and experimental uncertainties.

The extracted total bottom production cross section at this energy is �b �b ¼ 3:2þ1:2
�1:1ðstatÞþ1:4

�1:3ðsystÞ�b.

DOI: 10.1103/PhysRevLett.103.082002 PACS numbers: 13.85.Qk, 13.20.Fc, 13.20.He, 25.75.Dw

Measurements of heavy flavor production (charm and
bottom) in pþ p collisions present stringent tests for
perturbative quantum chromodynamics (pQCD) calcula-
tions. For instance, while bottom production at the
Tevatron is well described by next-to-leading order
(NLO) pQCD [1], the cross section for charm production
at high pT , though compatible within the theoretical un-
certainties, is higher than the preferred theoretical value by
�50% [2]. Measurement of heavy flavor in pþ p colli-
sions also provides an important baseline for study of the
medium created in relativistic heavy-ion collisions. The
PHENIX experiment at the Relativistic Heavy Ion Collider
(RHIC) has measured single electrons from the semilep-
tonic decay of heavy flavor at midrapidity in pþ p and
Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [3,4]. Strong sup-

pression of the single electron yield at high pT , which
includes contributions from both charm and bottom de-
cays, was observed in central Auþ Au collisions [4]. This
effect is conventionally attributed to energy loss by the
parent parton in the medium [5]; one also expects the
energy loss suffered by bottom quarks to be significantly
less than that suffered by charm quarks due to the differ-
ence in their masses [6,7]. Clearly, for both pQCD com-
parisons and the heavy-ion reference, one wants to dis-
entangle the yields of charm and bottom at RHIC energies.

In this Letter, we present the yield ratio of single elec-
trons from bottom to those from heavy flavor at midrapid-
ity in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV, using partial
D= �D ! e�K�X (K unidentified) reconstruction. The
data were collected with the PHENIX detector [8] in the
2005 and 2006 RHIC runs using its two central arm spec-

trometers. Each spectrometer covers j�j< 0:35 in pseu-
dorapidity and �� ¼ �=2 in azimuth. The arms include
drift chambers (DC) and pad chambers (PC1,2,3) for
charged particle tracking, a ring imaging Čerenkov detec-
tor (RICH) and an electromagnetic calorimeter (EMCal)
for electron identification and triggering. Beam-beam
counters (BBCs), covering pseudorapidity 3:1< j�j<
3:9, measure the position of the collision vertex along the
beam (zvtx) and provide the interaction trigger. In the 2005
run, helium bags were placed in the space between the
beam pipe and DC to reduce photon conversions. The bags
were removed in 2006.
Two data sets are used for the analysis: (i) a minimum

bias (MB) data set recorded with the BBC trigger, and
(ii) an electron enriched sample, recorded with a level-1
‘‘ERT’’ trigger requiring a combination of EMCal and
RICH information in coincidence with the BBC trigger.
The BBC trigger cross section is 23:0� 2:2 mb [9]. The
BBC trigger selects �53% of inelastic pþ p collisions
and ð79� 2Þ% of hard scattering events, such as those with
high-pT particles at midrapidity. The latter efficiency is
approximately pT and particle independent, which was
verified by the observed ratio of high-pT pion and eta
yields with and without the BBC trigger, and confirmed
with a Monte Carlo simulation [9,10]. After selection of
good runs and a vertex cut of jzvtxj< 25 cm, an integrated
luminosity (

R
Ldt) in the ERT data of 1:77 pb�1 in the

2005 run and 4:22 pb�1 in the 2006 run are used for this
analysis.
Charged particle tracks are reconstructed using the

DC and PC1. The momentum resolution is �1% at
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pT � 1 GeV=c, and the momentum scale is calibrated
within 1%. Electron identification (eID) is performed using
the RICH and EMCal. The purity of the electron sample is
better than 99% for 1 <pT < 5 GeV=c [3]. Our previous
measurement [3] determined the spectrum of the single
electrons from heavy flavor in the 2005 run. Inclusive
electron spectra from the 2005 run and the 2006 run are
consistent within 5% after taking into account a contribu-
tion from the increased photon conversion due to the
absence of the helium bags.

The spectrum of the single electrons from heavy flavor is
determined using the ‘‘cocktail method’’ [3,4]. The elec-
tron spectrum from all known sources except semileptonic
decay of heavy flavor is calculated using a Monte Carlo
simulation and subtracted from the inclusive spectrum in
the cocktail method. The dominant source of background is
the �0 Dalitz decay. The cocktail also includes contribu-
tions from quarkonium (J=c , �) and the Drell-Yan pro-
cess, which were neglected in our previous measurements
[3,4]. These contributions are negligible (smaller than 1%
in background) for pT < 1 GeV=c, but become significant
at high pT (above 10% for pT > 2:5 GeV=c) [11]. The
signal to background ratio increases with increasing pT ,
approaching unity for pT � 3 GeV=c [3].

The systematic uncertainties of the inclusive electron
spectrum includes the uncertainty in luminosity (9.6%),
geometrical acceptance (3%), eID efficiency (2%), and
the ERT trigger efficiency (4% at pT > 2 GeV=c). The
uncertainty in the cocktail method is pT dependent (3%
at pT � 2 GeV=c, increasing to 9% at 9 GeV=c).

The ratio of (b ! e) to ½ðc ! eÞ þ ðb ! eÞ� is extracted
from the correlation between the heavy flavor electrons and
associated hadrons [12,13]. The extraction is based on
partial reconstruction of the D= �D ! e�K�X decay. The
invariant mass of unlike charge-sign electron-hadron pairs

reveals a correlated signal below the D meson mass of
�1:9 GeV=c2, because of the charge correlation in the D
decays. Pairs are formed between a trigger electron (2:0<
pT < 7:0 GeV=c) and an oppositely charged hadron
(0:4< pT < 5:0 GeV=c). The hadron pT is required to
be less than 5 GeV=c, because pions also emit Čerenkov
photons in the RICH above 5 GeV=c. The acceptances of
positive and negative charged particles are forced to be
identical by a geometrical acceptance cut. Since the mo-
mentum range of good charged kaon identification is lim-
ited, K identification is not performed but the mass of all
reconstructed hadrons is set to be that of the K. Most eþe�
pairs are then removed by an electron veto cut for the
hadrons. The reconstructed mass of eþe� pairs has a clear
peak at low mass. The remaining background eþe� pairs
are removed by requiring Mee > 80 MeV=c2, where the
pair mass is calculated assuming both particles in the pair
are electrons.
Depending on the origin of the trigger electrons, the

inclusive reconstructed electron-hadron pairs are
(i) unlike-sign pairs from charm, (ii) unlike-sign pairs
from bottom, (iii) combinatorial background where the
electron is a background electron and (iv) background
from unlike-sign hadron-hadron pairs due to hadron con-
tamination in the electrons. The main background source is
the combinatorial background (iii) and almost all back-
ground electrons are from eþe� pair creation. Like-sign
electron-hadron pairs are used to subtract this background.
Since electrons from eþe� pair creation and hadrons do
not contribute to charge correlated signals, subtraction
using like-sign pairs cancels out completely the combina-
torial background where the trigger electron is from eþe�
pair creation (iii). Only the negligibly small (<1%) con-
tribution from K0

e3 decay is not canceled out by the sub-

traction in the background (iii). The contribution from
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FIG. 1 (color online). Comparison of data to a PYTHIA and EVTGEN [14,15] simulation of the invariant mass distributions in PHENIX
acceptance for the reconstructed signal in the 2006 run. The electron pT range is 3:0–4:0 GeV=c (a) and 4:0–5:0 GeV=c (b). The
ratios, ðb ! eÞ=½ðc ! eÞ þ ðb ! eÞ�, in solid lines are 0.26 (a) and 0.63 (b). Error bars (boxes) indicate statistical (systematic)
uncertainties.
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hadron contamination (iv) is also less than a 1% effect due
to the excellent electron identification. After the subtrac-
tion, the reconstructed pairs include a contribution from
bottom (ii) due to not identifying K. The contribution from
bottom (ii) is much smaller than that from charm (i) due to
the bottom decay modes and kinematics. The reconstructed
pairs also contain a signal from partial reconstruction of
heavy flavor hadrons and a contribution from a combina-
tion of heavy flavor electrons and hadrons from jet frag-
mentation. The ratio of the yield of unlike-sign pairs to that
of like-sign pairs is about 1.1 for invariant masses (MeK)
below 1:9 GeV=c2.

The fraction of bottom contribution to the electrons from
heavy flavor is obtained as follows:

b ! e

ðc ! eÞ þ ðb ! eÞ ¼ �c � �data
�c � �b

; (1)

where �data is the tagging efficiency in real data and �cðbÞ is
the tagging efficiency for charm (bottom) production.
These are defined as

�data �
Npair

NeðHFÞ
¼ Nc!tag þ Nb!tag

ðc ! eÞ þ ðb ! eÞ ; (2)

�c �
Nc!tag

c ! e
; �b �

Nb!tag

b ! e
; (3)

where NeðHFÞ is the number of measured heavy flavor

electrons. Npair is the number of background subtracted

unlike-sign electron-hadron pairs for invariant mass within
0:4<MeK < 1:9 GeV=c2, which corresponds to the mass
range of charmed hadrons. Here, NcðbÞ!tag is the number of

reconstructed signals within 0:4<MeK < 1:9 GeV=c2 for
charm (bottom) production.

Figure 1 shows theMeK distribution of the reconstructed
signals, which is normalized by the yield of heavy flavor
electrons (NeðHFÞ) in the range 3<pT < 4 GeV=c [panel

(a)] and 4< pT < 5 GeV=c [panel (b)]. The tagging effi-
ciency in real data, �data, is determined by the integration of
the MeK distribution in Fig. 1 from MeK ¼ 0:4 to
1:9 GeV=c2 as a function of electron pT .
The tagging efficiencies for charm and bottom produc-

tion, �c and �b, are calculated with the combination of
PYTHIA and EVTGEN [14,15]. PYTHIA is used to simulate

charm and bottom production in pþ p collisions at
ffiffiffi
s

p ¼
200 GeV and is tuned to reproduce heavy flavor hadron
ratios: Dþ=D0 ¼ 0:45� 0:10, Ds=D0 ¼ 0:25� 0:10,
�c=D

0 ¼ 0:10� 0:05, Bþ=B0 ¼ 0:50, Bs=B0 ¼ 0:40�
0:20, and Bbaryon=B

0 ¼ 0:20� 0:15 [11,16–19]. The

Monte Carlo simulation EVTGEN, which is suited for de-
cays of D and B hadrons, is used to simulate the semi-
leptonic decays. The dashed (dotted) lines in Fig. 1 show
the MeK distributions of the reconstructed signal for the
simulated charm (bottom) production for an electron
3<pT < 4 GeV=c (panel a) and 4<pT < 5 GeV=c
[panel (b)]. Some fluctuations in the simulated curves in
Fig. 1 come from the limited statistics in the simulation,
but the statistical uncertainties in the simulation are negli-
gible compared to that of the data. �cðbÞ is determined in the

same way as �data from the MeK distribution for charm
(bottom) production. Since about 85% of the extracted
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tion of electron pT compared to a FONLL calculation [20]. The
points show the experimental result. Vertical arrows are used to
indicate upper and lower limits. The solid line is a FONLL
prediction and the dotted lines represent the uncertainty of this
FONLL prediction.
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signal comes from partial reconstruction of heavy flavor
hadrons, the tagging efficiency is determined largely by
decay kinematics and �cðbÞ can be determined with good

precision. The dot-dash lines in Fig. 1 show the contribu-
tion from the combination of an electron from charm and
hadrons from jet fragmentation for charm production. The
solid line in Fig. 1 shows the sum of the MeK distributions
for charm and bottom in the simulation with the ratio, ðb !
eÞ=½ðc ! eÞ þ ðb ! eÞ�, obtained with Eq. (1).

Systematic uncertainties are categorized into two parts
related to (i) �data in the real data analysis and (ii) �c and
�b in the simulation study. The dominant uncertainty in
�data is the uncertainty in the number of heavy flavor
electrons (�10%). Uncertainty in �data also includes a
background subtraction uncertainty (1%–10%, pT depen-
dent). Category (2) includes the uncertainties in geometri-
cal acceptance (3%) and the event generator (�8% for
charm and �9% for bottom). The event generator uncer-
tainty is based on uncertainties, which are known in the
production ratios of heavy flavor hadrons (Dþ=D0,Ds=D

0,
etc.), known in the branching ratios [16–19], estimated in
the momentum distribution of heavy flavor hadrons and
estimated in the PYTHIA parameters.

Figure 2 shows the resulting bottom fraction, ðb !
eÞ=½ðc ! eÞ þ ðb ! eÞ� as a function of electron pT com-
pared to a fixed-order-plus-next-to-leading-log perturba-
tive QCD calculation (FONLL) [20]. In this figure, the
points show the measured ðb ! eÞ=½ðc ! eÞ þ ðb ! eÞ�.
For the bins with electron pT ranges 2<pT < 3 and 5<
pT < 7 GeV=c, 90% C.L. and mean values are shown. The
solid line shows the central value of the FONLL prediction
and the dotted lines show its uncertainty.

In Fig. 3, the single electron spectra for charm and
bottom are measured from the ratio, ðb ! eÞ=½ðc ! eÞ þ
ðb ! eÞ�, and the spectrum of the electrons from heavy
flavor decays. The top panel shows the resulting single
electron spectra from charm (triangles) and bottom
(squares) compared to the FONLL predictions [20]. The
measured spectrum of single electrons (circles) is also
shown for reference. The middle (bottom) panel shows
the ratio of the measured cross sections to the FONLL
calculation for charm (bottom) production. The shaded
area shows the uncertainty in the FONLL prediction. The
larger mass makes this uncertainty smaller in the case of
bottom quarks. These calculations agree with the data for
bottom production within the large theoretical and experi-
mental uncertainty. The same is true for charm within the
theoretical uncertainty with a ratio of data/FONLL of �2.
A similar tendency was obtained at the Tevatron [1,2].

The electron spectrum from bottom shown in Fig. 3
is integrated from pT ¼ 3 to 5 GeV=c and gives
4:8þ1:8

�1:6ðstatÞþ1:9
�1:8ðsystÞ nb. This spectrum is then extrapo-

lated to pT ¼ 0 using the shape predicted by pQCD.
PYTHIA with varying intrinsic kT (1:5< kT < 10 GeV=c)
and FONLL with varying factorization (�F) and renor-

malization (�R) scales (0:5<�F;R=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ p2

T

q
< 2) are

used to evaluate the systematic uncertainty (12%) to
this extrapolation. The extrapolation results in a bot-
tom cross section at midrapidity of d�b �b=dy jy¼0¼
0:92þ0:34

�0:31ðstatÞþ0:39
�0:36ðsystÞ�b, using a b ! e total branching

ratio of 10� 1%, calculated using the heavy flavor hadron
ratios described above. Using HVQMNR [21] with CTEQ5M

[22] parton distribution functions (PDF’s) to integrate over
rapidity, the total bottom cross section is determined to be
�b �b ¼ 3:2þ1:2�1:1ðstatÞþ1:4�1:3ðsystÞ�b. Various PDF’s and bot-

tom mass values are used to evaluate the systematic un-
certainty (8%) of the rapidity extrapolation. This result is
consistent with our result from the dielectron spectrum,
which gave �b �b ¼ 3:9� 2:5ðstatÞþ3

�2ðsystÞ�b [23].

FONLL predicts �b �b ¼ 1:87þ0:99
�0:67�b, in agreement with

both these experimental results.
The fraction of bottom in heavy flavor electrons is found

to be larger than 0.33 with 90% confidence level at pT >
5 GeV=c. Furthermore, the assumption of no bottom sup-
pression directly leads to a lower limit on the nuclear
modification factor of single electrons, RAA, of greater
than 0.33 with the same confidence level. However, accord-
ing to our measurements, RAA is �0:25� 0:05ðstatÞ �
0:05ðsystÞ at 5<pT < 6 GeV=c [4] in the 0–10% central
Auþ Au collisions. At the same time the current level of
uncertainty in the measurement precludes us from placing
significant limits on the possible energy loss of bottom
quarks.
In conclusion, the ratio of the yield of electrons from

bottom to that from charm has been measured in pþ p
collisions at

ffiffiffi
s

p ¼ 200 GeV. The ratio provides the first
measurement of the spectrum of electrons from bottom at
RHIC. FONLL calculations [20] agree with this result,
which provides an important baseline for the study of
heavy quark production in the hot and dense matter created
in Auþ Au collisions.
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