
Physics Letters B 670 (2009) 313–320
Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Dilepton mass spectra in p + p collisions at
√

s = 200 GeV
and the contribution from open charm

PHENIX Collaboration

A. Adare h, S. Afanasiev v, C. Aidala i, N.N. Ajitanand av, Y. Akiba ap,aq, H. Al-Bataineh ak, J. Alexander av, K. Aoki aa,ap,
L. Aphecetche ax, R. Armendariz ak, S.H. Aronson c, J. Asai aq, E.T. Atomssa ab, R. Averbeck aw, T.C. Awes al, B. Azmoun c,
V. Babintsev r, G. Baksay n, L. Baksay n, A. Baldisseri k, K.N. Barish d, P.D. Barnes ad, B. Bassalleck aj, S. Bathe d,
S. Batsouli al, V. Baublis ao, A. Bazilevsky c, S. Belikov c,1, R. Bennett aw, Y. Berdnikov as, A.A. Bickley h,
J.G. Boissevain ad, H. Borel k, K. Boyle aw, M.L. Brooks ad, H. Buesching c, V. Bumazhnov r, G. Bunce c,aq, S. Butsyk ad,aw,
S. Campbell aw, B.S. Chang be, J.-L. Charvet k, S. Chernichenko r, J. Chiba w, C.Y. Chi i, M. Chiu s, I.J. Choi be, T. Chujo bb,
P. Chung av, A. Churyn r, V. Cianciolo al, C.R. Cleven p, B.A. Cole i, M.P. Comets am, P. Constantin ad, M. Csanád m,
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PHENIX has measured the electron–positron pair mass spectrum from 0 to 8 GeV/c2 in p + p collisions
at

√
s = 200 GeV. The contributions from light meson decays to e+e− pairs have been determined based

on measurements of hadron production cross sections by PHENIX. Within the systematic uncertainty
of ∼ 20% they account for all e+e− pairs in the mass region below ∼ 1 GeV/c2. The e+e− pair yield
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Editor: V. Metag remaining after subtracting these contributions is dominated by semileptonic decays of charmed hadrons
correlated through flavor conservation. Using the spectral shape predicted by PYTHIA, we estimate the
charm production cross section to be 544 ± 39(stat) ± 142(syst) ± 200(model) μb, which is consistent
with QCD calculations and measurements of single leptons by PHENIX.

© 2008 Elsevier B.V. All rights reserved.
Because of the large mass of the charm quark, approximately
1.3 GeV/c2, it is commonly expected that the charm produc-
tion cross section can be calculated in quantum chromo-dynamics
(QCD) using perturbative methods (pQCD). Comparing such calcu-
lations with experimental data serves as a test of pQCD and helps
to quantify the importance of higher order terms. Perturbative cal-
culations suggest that charm production at RHIC energies results
primarily from gluon fusion, so charm can probe gluonic inter-
actions in the matter formed in heavy ion collisions at RHIC [1].
Medium modifications of heavy quark production and the sup-
pression of bound charmonium states like the J/ψ have received
considerable attention and are thought to be keys to better under-
standing properties of strongly interacting matter. Experiments at
RHIC with polarized proton beams will allow the measurement of
spin asymmetries in charm production, which gives access to the
spin contribution of the gluons to the proton in a new channel [2].

To date, charm production has been calculated in next-to-
leading-order (NLO) and fixed-order plus next-to-leading-log ap-
proximations (FONLL) [3]. These calculations are consistent with
the measured D meson cross sections in 1.96 TeV pp̄ collisions
published by CDF [4] as well as with single lepton measurements,
electrons [5] and muons [6], in 200 GeV p + p collisions from
PHENIX. However, the theoretical uncertainties are considerable,
at least a factor of two [3] or even larger [7], and the data pre-
fer larger cross sections within these uncertainties.3 In this Letter
we present a different method to determine the charm cross sec-
tion using electron–positron pairs measured with PHENIX during
the RHIC p + p run in 2005.

Electrons are measured in the two PHENIX central arm spec-
trometers [10], which each cover |η| � 0.35 in pseudo-rapidity and
�φ = π/2 in azimuth in a nearly back-to-back configuration. For
charged particles drift chambers (DC) measure the deflection an-
gles in a magnetic field to determine their momenta. Ring imaging
Cherenkov counters (RICH) as well as electromagnetic calorimeters
(EMCal) distinguish electrons from other particles. The electron
analysis is described in detail in [5].

Two data sets are used in the analysis. A reference sample of
events was selected with a minimum bias interaction trigger (MB)
that was based on beam–beam counters (BBC). The BBC trigger
cross section is 23.0 ± 2.2 mb or 55 ± 5% of the inelastic p + p
cross section. Simulations, and data collected without requiring the
BBC trigger, indicate that the triggered events include 79 ± 2% of
events with particles in the central arm acceptance. This number
coincides with the fraction of non-diffractive events triggered by
the BBC from which we conclude that for non-diffractive collisions
the BBC trigger can have only little bias towards events with parti-
cles produced in the central arms. The bulk of the data sample was
recorded requiring a coincidence of the BBC trigger with a single
electron trigger (ERT) that matches hits in the RICH to 2 × 2 trig-
ger tiles in the EMCal with a minimum energy of 400 MeV. In the

* Corresponding author.
E-mail addresses: jacak@skipper.physics.sunysb.edu (B.V. Jacak), brant@bnl.gov

(B.M. Johnson).
1 Deceased.
2 PHENIX Spokesperson.
3 The STAR Collaboration reports an even larger cross section [8,9], which is about

a factor of 2–3 above of what can be accommodated in pQCD calculations.
active area the ERT trigger has a very high efficiency for electrons;
around 500 MeV it reaches approximately 50% and then saturates
around 1 GeV close to 100%. After applying an interaction-vertex
cut of ±30 cm the total integrated luminosities were 43 nb−1 and
2.25 pb−1 for the MB and ERT trigger, respectively.

All electrons and positrons with pT > 200 MeV/c are combined
into like- and unlike-sign pairs. For each pair we check that at
least one of the tracks was registered by the ERT trigger. The event
is rejected if the two tracks of the pair overlap in any of the detec-
tors; this cut removes 2% of the e+e− pairs. This cut is necessary
to assure that the combinatorial pair background is reproduced
from mixed events. Pairs originating from photon conversions in
the detector material are removed by a cut on the orientation of
the opening angle of the pairs with respect to the magnetic field;
this cut removes 98% of the pairs from photon conversions [11].
Fig. 1 shows the raw yields as a function of pair mass for both
like- and unlike-sign pairs. The unlike-sign spectrum measures the
signal from hadron decays and open charm plus background, while
the like-sign spectrum measures only the background. The PHENIX
central arms accept equal number of electrons and positrons, how-
ever, because of the two-arm geometry and the magnetic field, the
acceptance for electrons and positrons covers a different range in
azimuthal angle. Therefore the shape of the mass distribution is
different for like- and unlike-sign pairs.

We have developed two independent methods to subtract the
background. In the first method we decompose the background
into two components: a combinatorial background made of un-
correlated pairs and a background of correlated pairs. The com-
binatorial background is determined from mixed events using the
procedure described in more detail in [11,12] and in Appendix A
of [13]. The mixed events are generated from the MB sample. For
each pair we check that at least one of the two partners fulfill the
ERT trigger condition. The mass distribution for the like-sign mixed
event background does not have the same shape as the measured
distribution, which indicates the presence of additional correlated
background in the data. This can be studied in more detail investi-
gating the pair distributions in mass versus transverse momentum.
The biggest differences in shape are at low mass and large pT as
well as at low pT and large mass, where the data show more yield
than the mixed events. We therefore use a region, roughly corre-
sponding to a mass of 300 MeV/c2, pT above 400 MeV/c and a
transverse mass mT = √

m2 + (pT /c)2 below 1.2 GeV/c2, to nor-
malize the mixed event background to the data.4 In this region
also the shape of the mass distributions are very similar. After
normalizing the like-sign mass distribution from mixed events we
determine the number of uncorrelated like-sign background pairs
N++ and N−− by integrating the distributions. The normalization
of the uncorrelated unlike-sign mixed event background is then
given by 2

√
N++N−− .

The mixed event backgrounds as well as the distributions af-
ter subtraction are also shown in Fig. 1. The remaining pairs, like
and unlike, are considered correlated pairs, where the like-sign
distribution only contains correlated background pairs while the
unlike contains also the signal. The correlated background pairs

4 The exact region used for the normalization is given by the following four
conditions m > 300 MeV/c2, mT < 1.2 MeV/c2, pT /c − 1.5m � 200 MeV/c2, and
pT /c − 0.75m � −150 MeV/c2.
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Fig. 1. Raw dielectron spectra. The top panel shows like-sign pairs as measured in the experiment, the combinatorial background from mixed events, the correlated pair
background obtained by subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text). The
bottom panel shows the same distributions for unlike-sign pairs.
stem from two sources. “Cross pairs” result from decays of single
π0 or η mesons with two electron pairs in the final state, such
as double Dalitz decays, Dalitz decays plus conversion of the ac-
companying photon, and γ γ decays where both photons convert.
These pairs have a mass lower than the η mass of 548 MeV/c2.
Cross pairs were simulated using our hadron decay generator EX-
ODUS including the PHENIX acceptance.5 “Jet pairs” are produced
by two independent hadron decays yielding electron pairs, either
within the same jet or in the back-to-back jets. Jet pairs were sim-
ulated using minimum bias events generated with PYTHIA6 with

5 The PHENIX acceptance is parameterized as function of the azimuthal an-
gle φ of a track, its pT , and charge sign q by conditions for the DC and the
RICH for each spectrometer arm separately: φmin < φ + qkDC/pT < φmax and
φmin < φ + qkRICH/pT < φmax. The parameters are kDC = 0.206 rad GeV c−1, kRICH =
0.309 rad GeV c−1, φmin = −3/16π to φmax = 5/16π , and φmin = 11/16π to φmax =
19/16π .

6 We used PYTHIA 6.319 changing PYTHIA parameters as follows: MSEL = 0 with
the following processes switched on MSUB 11, 12, 13, 28, 53, 68, PARP(91) = 1.5
(kT ), MSTP(32) = 4 (Q 2 scale), and CKIN(3) = 2.0 (min. parton pT ).
the branching ratio of the π0 Dalitz decay set to 100% to enhance
the sample of jet pairs per event. We exclude all pairs from sin-
gle hadron decays so that cross pairs as well as any signal in
the unlike-sign pairs are removed. Electrons and positrons from
cross and jet pairs are filtered through the PHENIX acceptance and
weighted according to the electron identification and ERT trigger
efficiency. Pairs from simulated mixed events are subtracted from
the like- and unlike-sign pair distributions to find the correlated
pair distributions. The mixed event background is normalized by
the same method used in the data analysis, described previously.
It was found that correlated pairs from the same jet typically have
small mass and large pT while those from back-to-back jets have
large mass and smaller pT .

Correlated background pairs occur in all charge combinations.
The simulated correlated like-sign background is then normal-
ized to the measured correlated like-sign background by simul-
taneously fitting simulated cross and jet pair mass distributions
to the measured correlated like-sign pair mass spectrum. Since
the Monte Carlo simulation preserves the relative abundance
of like- and unlike-sign pairs after filtering them through the
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PHENIX acceptance, we apply the same two normalization factors,
one for cross- the other for jet-pairs, to the unlike-sign corre-
lated background. The normalized contributions of both correlated
background sources are also shown in Fig. 1. The unlike-sign
dilepton signal is extracted by subtracting the simulated unlike-
sign correlated backgrounds from the distribution of all corre-
lated pairs.

In our second method to estimate the unlike-sign pair back-
ground we make no assumptions about the shape of the corre-
lated background nor about the decomposition of correlated and
uncorrelated background (see pp. 85–86 in [13]). We use the mea-
sured like-sign distribution which contains only the background,
but with a different acceptance than the unlike-sign. We correct
for this acceptance difference with the ratio of the mixed event
distributions, N+−/2

√
N++N−− as a function of mass and pT .

Projected onto the mass axis the relative acceptance can be es-
timated by dividing the mixed event background shown in Fig. 1.
Since the acceptance for pairs is a function of mass and pT , we
have checked that for different e+e− pair sources, which span rea-
sonable variations in mass and pT shapes of the e+e− pairs, the
relative acceptance is unchanged. The corrected like-sign distribu-
tion is then subtracted from the unlike-sign pairs without further
normalization. Up to 3.5 GeV/c2 the difference between the signal
extracted using the two background subtraction techniques agrees
to better than ±10%. Above 3.5 GeV/c the difference becomes
much larger, which may indicate additional correlated background.
In this region we subtract the measured like-sign yield, the larger
of our two background estimates, and include the difference of the
two methods as asymmetric systematic uncertainty on the signal
yield.

In the next step the signal is corrected for electron reconstruc-
tion efficiency and trigger efficiency. The electron reconstruction
efficiency was determined with a Monte Carlo simulation of the
PHENIX detector (similar to [12]). The trigger efficiency for single
electrons was measured using the MB sample. For each of the 8
calorimeter sectors we determine the ratio of electrons that fired
the ERT trigger to all electrons reconstructed as function of pT .
Pairs from hadron decays simulated with EXODUS are filtered by
the acceptance and then folded with the ERT trigger efficiency
to extract the pair trigger efficiency as function of mass. At high
masses the trigger efficiency saturates at 72%, limited by the active
area of the trigger, from 1.5 to 0.5 GeV/c2 the pair efficiency grad-
ually drops to 32% and remains approximately constant at lower
masses. In addition, the yield is divided by 0.79/0.55 = 1.44 to ac-
count for the fraction of the inelastic p + p cross section missed
by our interaction trigger. The systematic uncertainties on the fully
corrected spectrum shown in Fig. 2 are summarized in Table 1.

We model the e+e− pair contributions from hadron decays us-
ing the EXODUS decay generator. We follow closely the approach
given in [5,14], however, we have updated all input to match the
most recent PHENIX data. We assume that all hadrons have a con-
stant rapidity density in the range |�η| � 0.35 and a homogeneous
distribution in azimuthal angle. Transverse momentum distribu-
tions are based on measurements in the same experiment where
possible. The key input is the rapidity density dN/dy = 1.06 ± 0.11
of neutral pions, which we determine from a fit to PHENIX data on
charged and neutral pions, as shown in Fig. 3. The functional form
of the pion transverse momentum distribution is given by:

E
d3σ

dp3
= A

(
e−(apT +bp2

T ) + pT /p0
)−n

(1)

with A = 377 ± 60 mb GeV−2 c3, a = 0.356 ± 0.014 (GeV/c)−1,
b = 0.068±0.019 (GeV/c)−2, p0 = 0.7±0.02 GeV/c and the power
n = 8.25 ± 0.04. For all other mesons we assume mT scaling, re-
placing pT by

√
m2 − m2

π + (pT /c)2, where m is the mass of the
meson. For the η, ω, φ, and J/ψ we fit a normalization factor
to PHENIX data. In Fig. 3 the results are compared to published
PHENIX data; excellent agreement with the data is achieved. The
η meson is measured only at higher pT , however, the fit is in good
agreement with the pT distribution of kaons, which have simi-
lar mass.

In order to extract the meson yield per inelastic p + p collision
we integrate the fits over all pT . Results, systematic uncertainties,
and references to data are given in Table 2. For the ρ meson we
assume σρ/σω = 1.15 ± 0.15, consistent with values found in jet
fragmentation [15]. The η′ yield is scaled to be consistent with
jet fragmentation ση′/ση = 0.15 ± 0.15 [15]. The ψ ′ is adjusted to
the value of σψ ′/σ J/ψ = 0.14 ± 0.03 [22]. For the η, ω, φ, and
J/ψ the quoted uncertainties include those on the data as well as
those using different shapes of the pT distributions to extrapolate
to zero pT . Specifically we have fitted the functional form given in
Eq. (1) with all parameters free and also an exponential distribu-
tion in mT . For the ρ , η′ , and ψ ′ the uncertainty is given by the
uncertainty we assumed for the cross section ratios. We note that
the dilepton spectra from meson decays are rather insensitive to
the exact shape of the pT distribution.

Once the meson yields and pT spectra are known the dilepton
spectrum is given by decay kinematics and branching ratios, which
are implemented in our decay generator EXODUS following ear-
lier work published in [5,14]. The branching ratios are taken from
the compilation of particle properties in [15]. For the Dalitz decays
π0, η, η′ → e+e−γ and the decay ω → e+e−π0 we use the Kroll–
Wada expression [23] with electromagnetic transition form factors
measured by the Lepton-G Collaboration [24,25]. For the decays of
the vector mesons ρ , ω, φ → e+e− we use the expression derived
by Gounaris and Sakurai [26], extending it to 2 GeV/c2, slightly
beyond its validity range. For the J/ψ and ψ ′ → e+e− we use the
same expression modified to include radiative corrections as dis-
cussed in [21]. All vector mesons are assumed to be unpolarized.
The resulting dilepton spectra are compared to our data in Fig. 2
with the systematic uncertainties shown as a band. They are calcu-
lated as a function of mass and are dominated by the uncertainties
on the meson yield tabulated in Table 2. The uncertainty from
the measured electromagnetic transition form factors, in particular
for the ω → e+e−π0 decay, is also included but contributes visi-
bly only in the range around 500 to 600 MeV/c2. Also shown on
Fig. 2 are the contributions from open charm and bottom produc-
tion, discussed in more detail below, as well as from the Drell–Yan
process, which is negligible. The bottom panel shows the ratio of
data to the sum of all sources, hadronic cocktail, charm, bottom
and Drell–Yan. The data agree very well with the sum of all known
sources within the quoted systematic uncertainties.

Except for the vector meson peaks, the dilepton yield in the
mass range above 1.1 GeV/c2 is dominated by semileptonic de-
cays of D and B mesons correlated through flavor conservation. To
determine this contribution we subtract the meson decay cocktail
from the dilepton data, the resulting mass spectrum is shown in
Fig. 4. In the PHENIX acceptance the integrated e+e− pair yield per
event from heavy flavor decays in the range from 1.1 to 2.5 GeV/c2

is 4.21 ± 0.28(stat) ± 1.02(syst) × 10−8. The systematic uncertain-
ties are those tabulated in Table 1 plus the uncertainty on the
cocktail subtraction. The cocktail subtraction is dominated by the
high mass end of the broad ρ resonance. The ρ contribution in
this region is not very well known and we therefore assume 100%
systematic uncertainty on the ρ contribution. To estimate the ra-
pidity density of cc̄ pairs the measured e+e− pair yield is corrected
for the geometrical acceptance, i.e., corrected from requiring both
electron and positron within the PHENIX central arm acceptance to
having the electron pair within one unit of rapidity at mid-rapidity.
It then is extrapolated to zero e+e− pair mass and converted to
cc̄ using known branching ratios of semileptonic decays [15]. This
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Fig. 2. Electron–positron pair yield per inelastic p + p collision as function of pair mass. Data show statistical (bars) and systematic (shades) errors separately. The yield
per event can be converted to a cross section by multiplying with the inelastic p + p cross section of 42.2 mb. The data are compared to a cocktail of known sources.
The contribution from hadron decays is independently normalized based on meson measurements in PHENIX, the systematic uncertainties are given by the error band. The
contribution from open charm production is scaled to match the data (σcc̄ = 544 ± 39(stat) ± 142(syst) ± 200(model) μb). The inset shows the same data but focuses on
the low mass region. The bottom panel shows the ratio of data to the cocktail of known sources. The systematic uncertainties of the data are shown as boxes, while the
uncertainty on the cocktail is shown as band around 1.

Table 1
Systematic uncertainties of the dilepton yield due to different sources and for different mass ranges. The uncertainties vary with mass and the largest uncertainties are quoted
for each mass range. The contribution quoted for the jet pair subtraction also accounts for the difference in the signal observed between our two background subtraction
techniques.

< 0.4 GeV/c2 0.4–1.1 GeV/c2 1.1–3.5 GeV/c2 > 3.5 GeV/c2

Minimum bias trigger 11.3% 11.3% 11.3% 11.3%
ERT trigger efficiency 5% 5% 5% 5%
Conversion rejection 5% – – –
Mixed event background 2% 8% 4% –
Cross pair subtraction < 1% – – –
Jet pair subtraction 2% 3% 11% +70%
Reconstruction efficiency 14.4% 14.4% 14.4% 14.4%

Total 19.8% 20.8% 22.3% +73%, −19%
correction is model dependent; we used our tuned PYTHIA sim-
ulation7 to directly relate e+e− pairs from charm in the PHENIX

7 We used PYTHIA 6.205 with CTEQ5L parton distribution function [31]. We
changed PYTHIA parameters as follows: PARP(91) = 1.5 (kT ), PARP(31) = 3.5 (K fac-
tor), MSTP(33) = 1, MSTP(32) = 4 (Q 2 scale) and in addition for charm pro-
duction we use MSEL = 11 and PMAS(4,1) = 1.25 (mass), for bottom MSEL = 5
acceptance and in the mass range from 1.1 to 2.5 GeV/c2 to the cc̄
rapidity density.8

and PMAS(5,1) = 4.1 (mass), and for Drell–Yan MSEL = 11, PARP(31) = 1.8, and
CKIN(3) = 2.0 (min. parton pT ).

8 It is known that lowest order PYTHIA calculations, as we use, fail to describe
single electron production from charmed quarks produced with large pT . This is
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Fig. 3. Compilation of meson production cross sections in p + p collisions at
√

s =
200 GeV. Shown are data for neutral [16] and charged pions [17], η [18], kaons [17],
ω [19], and J/ψ [21]. The data are compared to the parameterization based on mT

scaling of the measured pion distribution, as used in our hadron decay generator.

Table 2
Hadron rapidity densities used in our hadron decay generator. For the ω and φ

meson data from this analysis were used together with data from the quoted refer-
ences.

dN
dy |y=0 Relative err. Data used

π0 1.065 ± 0.11 10% PHENIX [16,17]
η 0.11 ± 0.03 30% PHENIX [18]
ρ 0.089 ± 0.025 28% jet fragmentation [15]
ω 0.078 ± 0.018 23% PHENIX [19]
φ 0.009 ± 0.002 24% PHENIX [20]
η′ 0.016 ± 0.016 100% jet fragmentation [15]
J/ψ (1.77±0.27)×10−5 15% PHENIX [21]
ψ ′ (2.5 ± 0.7) × 10−6 27% world average [22]

For single tracks the acceptance is known to better than 5%.
Neglecting correlations between the electron and positron this
implies an uncertainty of less than 10% for pairs. However, the
fraction of e+e− pairs from correlated heavy flavor decays at
mid-rapidity depends on the dynamical correlations between the
quarks. These are not very accurately known [27], in particular in
the azimuthal direction. Therefore additional systematic uncertain-
ties need to be considered. In PYTHIA the intrinsic kT parameter
modifies the azimuthal correlation between c and c̄. We have var-
ied kT between 1 and 3 GeV/c and reevaluate the fraction of
e+e− pairs at mid-rapidity. A ±20% variation was found. Different
choices of parton distribution functions (PDFs) lead to modifica-
tions of the longitudinal correlation of the pair, often expressed as
the rapidity gap between the c and c̄ quarks. We used different

not a concern for our analysis, since the majority of the e+e− pairs in our mass
spectrum result from cc̄ pairs where the c and c̄ have low pT and large opening
angle. Future analysis of the pair pT dependence, however, will need to take this
into account.
Fig. 4. Electron–positron mass distributions from semileptonic decays of heavy fla-
vor, obtained by subtracting the contribution from π0, η, ω, ρ , φ , η′ , J/ψ and
ψ ′ mesons from the inclusive e+e− pair yield. The arrows indicate upper limits
(95% CL) in the mass regions where the charm contribution is smaller or compa-
rable to the systematic uncertainties. For all data points statistical error bars and
systematic uncertainty boxes, including data and model contributions, are shown.
Also shown is the contribution from charm (σcc̄ = 544 ± 39(stat) ± 142(syst) ±
200(model) μb), as well as expected contributions from bottom (σbb̄ = 3.7 μb) and
Drell–Yan (σbb̄ = 0.04 μb).

parton distribution functions available in PYTHIA, specifically we
have used CTEQ5L, CTEQ4L, GRV94LO, GRV98LO, and MRST(c-g).
We find ±11% deviations for the e+e− pair yield in the PHENIX
acceptance. When converting the e+e− pair yield to cc̄ pairs there
is also a ±21% uncertainty resulting from uncertainties of rela-
tive abundance of charmed hadrons and of the branching ratios
to semileptonic decays. We use an effective branching ratio for
c → e of 9.5%±1%, which was calculated from D+/D0 = 0.45±0.1,
Ds/D0 = 0.25 ± 0.1, and Λc/D0 = 0.1 ± 0.05 and the branching
ratios from [15]. The overall uncertainty on the extrapolation is
approximately 33%.

We also subtract a 7% contribution from bottom decays and the
Drell–Yan mechanism for which we assign a 100% systematic un-
certainty. For the bottom cross section we assume 3.7 μb [29], in
agreement with our data above 4 GeV/c2. Though negligible, we
have also included the contribution from the Drell–Yan mechanism
based on a cross section of 0.04 μb [28]. For the rapidity density
of cc̄ pairs at mid-rapidity we find:

dσcc̄

dy

∣∣∣∣
y=0

= 118.1 ± 8.4(stat) ± 30.7(syst) ± 39.5(model) μb. (2)

The systematic uncertainties on the data analysis and on the
model dependent extrapolation are quoted separately. Using the
rapidity distribution from HVQMNR [30] with CTEQ5M [31] PDF
as in [5], the total charm cross section is σcc̄ = 544 ± 39(stat) ±
142(syst) ± 200(model) μb. The extrapolation to 4π adds another
15% systematic uncertainty, which is included in the last term. The
charm contribution as shown in Figs. 2 and 4 has been scaled to
this result, which is compatible with our previous measurement of
single electrons, which gave σcc̄ = 567±57(stat)±224(syst) μb [5],
and with the FONLL prediction of 256+400

−146 μb [3].
Instead of fixing the bottom cross section, we have tried an al-

ternative approach. We take the shape of the bottom and charm
e+e− pair distributions from PYTHIA filtered into the PHENIX ac-
ceptance and then fit the charm and bottom contribution to the
data. For the charm cross section we obtain σcc̄ = 518 ± 47(stat) ±
135(syst)±190(model) μb, consistent with our earlier analysis. The
bottom cross section is σbb̄ = 3.9±2.5(stat)+3

−2(syst) μb. In addition
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to the model dependent systematic uncertainties, which are simi-
lar to those on the charm extraction, the subtraction of e+e− pairs
from the Drell–Yan mechanism contributes an extra 10–20% [32].
We estimate that the combined systematic uncertainty is about
50% and thus similar to the statistical error. The value for the
bottom cross section is consistent with our earlier assumption of
3.7 μb as well as with the FONLL prediction of 1.87+0.99

−0.67 μb [3].
In conclusion, we have measured e+e− pairs in the mass range

from 0 to 8 GeV/c2 in p+ p collisions at
√

s = 200 GeV. Within the
systematic uncertainties the data can be described by known con-
tributions from light meson decays, mostly measured in the same
experiment, as well as from semileptonic decays of mesons carry-
ing heavy flavor. The required charm and bottom production cross
sections are consistent with the upper FONLL predictions and with
the PHENIX measurement of single electrons.
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